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STUDY OF RESONANCE LIGHT SCATTERING 
FOR REMOTE OPTICAL PROBING 

C.M. Penney (Principal Investigator), W.W. Morey, R. L. St. Peters, 
S. D. Silverstein, M. Lapp, andD.R. White 


SUMMARY 


The. objective of the work described in this report is to investigate en- 
hanced scattering and fluorescence processes in the visible and uv which will 
enable improved remote measurements of gas properties. 

The theoretical relationship between scattering and fluorescence from 
an isolated molecule in the approach to resonance is examined through analysis 
of the time dependence of re -emitted light following excitation by pulsed incident 
light. Quantitative estimates are developed for the relative and absolute 
intensities of fluorescence and resonance scattering. New results are ob- 
tained for depolarization of scattering excited by light at wavelengths within 
a dissociative continuum. 

The experimental work was performed in two separate facilities. One of 
these utilizes argon and krypton lasers, single moded by a tilted etalon, and 
a 3/4 meter double monochromator. This facility was used to determine 
properties of the re -emission from N0 2 , I 2 and 0 3 excited by visible light. 

The second facility involves a narrow -line dye laser, and a 3/4 meter 
single monochromator. The dye laser produces pulsed light with 5 nsec pulse 
duration and 0. 005 nm spectral width. The spectrometer and associated 
electronics provide both time (6 nsec) and spectral (0. 02 nm) resolution of 
the re-emitted light. This facility was used to measure the absolute vibra- 
tional Raman scattering cross sections of N 2 and 0 2 at 300 nm, and to ex- 
amine in detail the fluorescence from SC^ excited at various wavelengths 
near 300 nm. It was found that both N 2 and 0 2 cross sections are several 
times larger than predicted by a dAscattep 4 extrapolation from the visible. 
Sharp line fluorescence from S0 2 in air near STP was observed to be 10 4 
time stronger than the N 2 vibrational Raman scattering. Comparable or 
larger cross sections for 0 3 and numerous atomic species are estimated. 

Use of the strong scattering and fluorescence processes in various 
measurement situations is considered. Among the remote, range -resolved 
measurements that appear practical are: ambient S0 2 and 0 3 in the lower 
atmosphere from the ground; 0 3 in the stratosphere from the ground; and 
numerous atomic species at altitudes above 50 km from a satellite. 



I. INTRODUCTION 


The objective of the work described in this report is to identify and in- 
vestigate optical processes in the visible and ultraviolet that can expand the 
capabilities of remote, spatially resolved measurements of gas properties. 

The optical processes considered here are those that divert light from an 
incident beam, such that some of the diverted light returns to a collector. 
Intensity, spectral and/or polarization analysis of the collected light provides 
information about the gas volume from which it came. 

One type of probe based on this principle is the single -ended LIDAR 
system, illustrated in Fig. 1. This type of probe has already been employed 
with considerable success for ground- and air-based studies of the atmosphere 
(refs. 1 and 2) and shows good potential for satellite -based studies. A second 
example is the bi-axial system shown in Fig. 2, which can be used to obtain 
precise three-dimensional resolution in relatively small regions such as a 
wind tunnel (ref. 3). 

There are a number of optical diversion processes upon which such 
probing systems can be based. Ideally, the observed process should have 
the following characteristics: 

(a) It should be effectively instantaneous. This characteristic is parti- 
cularly desirable for LIDAR applications, where ranging is accom- 
plished through timing. In practice, it is often preferable that the 
observed process introduce less than 10 " 8 second time uncertainty. 

(b) The intensity of the diverted light per molecule should be independent 
of gas pressure and constituency. 

(c) The returned light should be characteristic of the observed mole- 
cules and their states of excitation. 

(d) The process should be strong enough for easy observation, but not so 
strong as to prevent light transmission to the measurement point. 

We shall consider several optical processes which meet these criteria 
to varying degree. The processes can be divided into two types: scattering 
and fluorescence. Within the title of this report, the work " scattering" is 
used to denote both of these processes generically. However, subsequently, 
we will use this term exclusively to designate those processes which are 
effectively instantaneous and insensitive to collision effects such as relaxation, 
collisional depolarization and quenching. On the other hand, we shall use the 
term fluorescence to designate processes which are intrinsically " slow" , dis- 
playing a time uncertainty at low gas pressures which is typically greater 
than 10 “ 8 sec, and a corresponding sensitivity to collision effects at high 
pressure. 
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LIGHT COLLECTION OPTICS 
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INCIDENT LIGHT BEAM 



Figure 2 Bi-axial optical probe. This configuration 
provides convenient three-dimensional resolution at 
close range. 


Although fluorescence is often thought of as a process following actual 
excitation into an excited state, the distinction between fluorescence and 
scattering does not always correlate with separation from resonance. There 
are situations to be considered in which excitation in a strong absorption 
region produces scattering. This type of process is often called resonance 
scattering (ref. 4). However, the use of such terms in the literature extends 
to processes which could also be regarded legitimately as fluorescence, pro- 
ducing a somewhat confusing situation. In Appendix A we describe several 
different criteria for distinguishing between scattering and fluorescence that 
have appeared in the literature. The present choice is based on two consider- 
ations: First, scattering has been regarded by many as an "instantaneous" 
process, in which case there is not time for collisions to occur. Second, this 
choice is convenient for gas probe applications, because under conditions of 
present interest scattering satisfies the first two "ideal" properties we have 
listed for a probe, whereas fluorescence often fails one or both of these 
criteria. 

Because nature often fails to accommodate idealism, ultimately we will 
consider both scattering and fluorescence processes in some detail. Thus at 
this point we present a descriptive list of some of the general types of optical 
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diversion processes that are potentially useful for gas probing. The list 
serves to introduce terminology, and to provide an initial orientation con- 
cerning these processes. The general types of transitions involved in the 
molecular processes included in this list are illustrated by level diagrams in 
Fig. 3. 


Scattering from Molecules ^ 

Rayleigh scattering . - In this process light is scattered from a molecule 
whithout exchanging any energy with the internal states of the molecule. Only 
the very small amount of energy necessary to conserve momentum between 
the light photon and scattering molecules is exchanged (Doppler- Brillouin 
effect). Therefore the scattered light has nearly the same spectral distribu- 
tion as the incident light, and it is very difficult to determine the relative 
concentration of different molecules from this spectral distribution. Temp- 
erature information is accessible from the spectral distribution, but, because 
of the small amounts of energy exchanged, it requires rather delicate 
measurements . 

Raman scattering . - This process involves an exchange of a significant 
amount of energy between the scattered light photon and the scattering mole- 
cule. Consequently, the scattered light undergoes substantial shifts in 
wavelength. The resulting bands of scattered light are characteristic of the 
particular molecule. The intensity of a band is proportional to the number of 
molecules in the particular initial state leading to that band. Thus Raman 
scattering provides direct information about both the constituency and excited 
state populations of molecules in a system. 

Elastic light scattering by particles . - In this process, which is often 
called Mie scattering (appropriate for spherical homogeneous particles), light 
is scattered from particles suspended in the gas. The light undergoes only 
the (usually) minute spectral shift arising from the particle motion. However, 
the dependence of the scattering on incident wavelength, on polarizations of in- 
cident and scattered light, and on scattering angles can be used to obtain some 
information about the particle distribution. 

Luminescence from Molecules 

Fluorescence . - This process can be initiated by absorption of light at a 
wavelength within a particular absorption line or band of a molecule. Subse- 
quently, the molecule may re -emit light in a transition from the excited state 
to the original or a different lower state. The probability of re- emission per 
unit time y is usually constant such that at very low pressures the fluorescence, 
intensity displays an exponential decay curve with time constant 1/y. However, 
before a molecule can de-excite by emitting light, the excitation may be 
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RAYLEIGH RAMAN FLUORESCENCE FLUORESCENCE 
SCATTERING SCATTERING AND 

PHOSPHORESCENCE 


Figure 3 Level diagram illustrating various optical diversion processes 
in molecules. 
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altered by some non-radiative process . For example, the molecule may 
undergo collisions with other molecules. These collisions can have several 
effects. One effect is that they can cause the molecule to lose "memory" of 
the direction and polarization of the incident beam, increasing the depolariza- 
tion of the fluorescence and decreasing the anisotropy of its angular distribu- 
tion. Collisions in which small amounts of energy are exchanged redistribute 
the excitation among various upper molecular states, broadening the spectral 
distribution of the fluorescence. In other collisions all or most of the excita- 
tion energy is degraded in a non-radiative process. For example, it may be 
converted to kinetic energy. The latter phenomenon reduces the fluorescence 
intensity and is, therefore, referred to as quenching. Quenching also shortens 
the decay time of re -emission, as mentioned previously. This effect is 
advantageous for time-of-flight ranging. However, in general, collision 
processes render the fluorescence spectral distribution, polarization and in- 
tensity per molecule dependent upon the gas constituency and total pressure. 
Therefore, the effect of these processes must be known or calculated before 
quantitative data can be obtained from fluorescence. In particular, if the 
collision effects are dominated by a species of variable concentration, the 
concentration of the quenching species must be measured separately. 

Although collision effects tend to smooth out the spectral detail in fluores- 
cence, nevertheless enough detail is often retained even at atmospheric 
pressure to allow identification of the fluorescing species. 

Phosphorescence . - This process involves excitation to an upper state, 
followed by a transition, often collision-induced, to a state from which radia- 
tive decay is forbidden. Phosphorescence is composed of the slow forbidden 
decay, and of fast decay following a second transition, again often collision - 
induced, back to the states with allowed transitions. Since phosphorescence 
involves a more detailed collision history than fluorescence, and is often slow 
even at high pressure, it is rarely used in gas probing. 

Scattering and Luminescence from Particles 

In addition to the processes mentioned in the list above, particles can 
contribute Raman scattering, fluorescence and phosphorescence. Among 
these, Raman scattering is very weak, but fluorescence seems likely to 
provide useful measurements of particle properties. However, this subject 
will not be addressed specifically in this paper. 

Optical Diversion Processes and Gas Probing 

Raman scattering . - Among the processes discussed above, only Raman 
scattering (RS) completely satisfies the first three "ideal" properties for an 
optical probe; i. e. , it is instantaneous, not sensitive to quenching, and charac- 
teristic of the type and excitation of the scattering molecules. Furthermore, 

RS does not require a tunable laser, and data analysis to obtain desired 
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information about the gas is relatively simple. However there is one substan- 
tial disadvantage of ordinary RS - it is relatively weak. For example, a 
typical RS cross section for scattering of visible light is 10 -30 cm 2 /sr per 
molecule (ref. 5.). In contrast, a typical Rayleigh cross section is about 1000 
times larger (ref. 6), and a fluorescence cross section, about 10 10 to 10 16 
times larger (in the absence of quenching). Because RS is so weak, RS probes 
with high sensitivity at long range require large lasers and collector lenses. 

In fact, limitations of size, weight, expense, safety and/or present technology 
are often reached all too soon in such applications. That point will be examined 
in some detail in Chapter IV. However at the present time it serves to intro- 
duce the question of major interest in this .report; namely, can we find pro- 
cesses which are much stronger than ordinary RS, yet share to a useful extent 
its desirable characteristics for optical probing? 

Enhanced scattering upon approach to resonance. - Indeed, the possibility 
of strongly enhanced RS itself is suggested by the resonance -like structure 
of the basic quantum expression for scattering. We will argue that this 
equation, which is presented in Chapter II, describes both scattering and 
fluorescence, at least in simple systems represented by a two or three 
level quantum model. In this case the resonance peaks produce fluorescence, 
and not scattering. As the incident light frequency approaches a strong, 
isolated absorption line, the character of the diverted light will undergo a 
gradual transition from that of scattering (effectively instantaneous and 
not subject to quenching) into fluorescence. Furthermore, the wavelength 
dependence of this transition may depend sensitively on detailed line broadening 
mechanisms which are operative in the experimental situation. (In fact, ob- 
servation of the scattering-to-fluorescence transition should provide new 
information about line broadening in the far wings of the absorption line. ) 
However, qualitative theoretical arguments suggest that the intensity of RS 
can be substantially enhanced in the approach to a strong isolated absorption 
line or band before the transition to fluorescence -like properties occurs. This 
type of scattering, which has been called pre-resonance or near-resonance 
Raman scattering, has attracted interest among those who use RS as a gas 
probe; therefore, it has received substantial attention in the work reported 
here. 

Scattering following excitation into a dissociative continuum . - In this 
process a molecule is excited by light with sufficient photon energy to cause 
it to dissociate. However, there is a distinct probability that the molecule 
will de-excite by re -emitting light before it dissociates. This light displays 
scattering-like properties because typically dissociation will occur so quickly 
that the excited molecule has little chance to experience a collision. Con- 
sequently the re -emitted light appears "instantaneously" and is insensitive to 
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collisions and associated quenching, etc. This process has been identified 
and studied experimentally by Holzer, Murphy and Bernstein (ref. 4) in halogen 
molecules. Aspects of it have been examined theoretically by Berjot et al . 

(ref. 7,8). In particular, moderately strong enhancement of scattering from 
I 2 has been found under excitation at wavelengths shorter than the dissociation 
limit near 510 nm (ref. 4). 

Scattering over quenched fluorescence . - This process has been discussed 
by Berjot, Jacon and Bernard (ref. 9, 10) for situations when fluorescence 
is strongly quenched, leaving a remnant of scattering from intermediate states 
not in resonance. In this case the intensity of diverted light per absorbing 
molecule should decrease in propagation to background gas pressure until a 
" floor" of scattering is reached. Simultaneously the depolarization should 
go through a characteristic variation. Berjot et al . have examined this 
phenomenon theoretically and shown favorable comparison to experiments 
with I 2 in high pressure (up to 40 atmi ) argon. However, in Chapter III we 
shall show that their results may arise at least partially from an alternative 
mechanism. 

Quenching balanced by increased absorption due to line broadening. - The 
rate of fluorescence per molecule Rp can be expressed as the product of a 
rate Ra of absorption and a probability Pp of re-emission before quenching 
(ref. 11). Although Pp will decrease as pressure increases, R^ can increase 
at a sufficient rate to balance this decrease (or even over-balance it), if the 
exciting wavelength is on a wing of the absorption line. The increase of R^ 
can be explained as follows: Both theory and experiment have demonstrated 
that the area under an absorption line (integral of absorption cross section 
over wavelength or frequency remains very nearly constant as collisions 
broaden the line (ref. 12). Therefore, the absorption must decrease on 
line center, but increase in the wings. This effect has been studied in I 2 
vapor by Fouche et al . (ref. 13), and St. Peters et al . (ref. 14). The former 
group first demonstrated that an enhancement on the order of 10 6 can be ob- 
tained at a separation of about 0.1 cm -1 from line center, and that this strong 
re-emission is fairly insensitive to pressure, varying by a factor of < 10 
over the range from a few torr to 700 torr. However, there is a strong 
collision-induced continuum in the re -emission spectral distribution at the 
higher pressures studied. Therefore, we consider this process to be a form 
of fluorescence, albeit a potentially useful form. 

General fluorescence . - Fluorescence is much stronger than ordinary RS, 
typically by factors of lO^-lO^at low pressure, as mentioned previously. 
However, it is often more difficult to decipher density and temperature in- 
formation from measurements of fluorescence intensity, because of resonance 
absorption of the incident beam (which is sensitive, to the fine detail of line 
broadening), because of quenching and, at low pressure, because of the delay 
in re-emission which complicates time -of -flight ranging. Furthermore, if 
narrow line absorption is involved, then efficient use of the incident beam 


9 



requires that its spectrum be commensurately narrow and precisely controlled. 

Nevertheless, we believe that there are many situations in which fluores- 
cence can be used effectively to probe the atmosphere. One example which 
has already been implemented is the particularly successful observation 
of Na and K vapor in the upper atmosphere (refs. 15, 16). These measure- 
ments, which have been made from distances on the order of 80 km, are 
successful largely because the observed atoms are concentrated in a relatively 
thin layer and their absorption cross sections are very large, producing decay 
times which are too fast for substantial quenching at that altitude. 

However, there is at least one other favorable situation for fluorescence 
probing of the atmosphere, which has relatively wide applicability. This 
situation satisfies the following conditions: 

1. The species whose measurement is sought exists at low concentration* 
in a carrier gas which dominates line broadening and quenching. 

2. The pressure of the carrier gas is known with sufficient accuracy to 
make line broadening and quenching corrections, and it is high enough 
to shorten the re -emission delay of observed fluorescence to the point 
where time -of -flight ranging can be used. 

3. The quenched fluorescence of the target species is much stronger 
than ordinary RS and has a characteristic spectral distribution which 
allows its identification. 

Under these conditions, the fluorescence will be nearly proportional to the 
concentration of the observed species, and a single -ended LIDAR instrument 
can be used to observe it with time -of -flight ranging. Moreover, if the 
absorption bands are fairly wide and smooth, then the requirements on the 
linewidth and spectral stability of the laser source are not critical. These 
conditions are satisfied for NC^ and SO 2 . Relevant characteristics of 
fluorescence from these gases will be described subsequently in this 
report. 

The two fields of enhanced scattering near or in absorption regions, and 
laser excited fluorescence have experienced rapid acceleration in the last few 
years. For example, in this period over 100 papers have been published on 
resonance Raman scattering and closely related subjects. In this introduction 
we have endeavored to give an overview of those developments which pertain 
directly to LIDAR probing of the atmosphere. In subsequent chapters, we will 
explain our own work in more detail, and place it into context with the work 
of other groups and with ultimate desired applications. 



IL THEORY 


In this chapter we present theoretical analyses of various aspects of the 
scattering and fluorescence processes described in the previous chapter. 

Work performed under this contract will be described in detail and placed into 
context by brief descriptions of related work performed here under other 
support, and elsewhere. 

Near-Resonance Raman Scattering 

Classical Analysis of Scattering. - Here we develop a relatively simple 
classical model which represents Rayleigh and Raman scattering, as well as 
fluorescence. Although this classical analysis is not quantitatively correct, 
it provides a significant qualitative picture of a transition from scattering to 
fluorescence in the approach to resonance. This picture is confirmed in 
limiting cases by a detailed quantum -mechanical calculation which will be 
described subsequently. 

Scattering has been characterized by an effectively instantaneous time 
response, and insensitivity to collision effects. In the case of pulse excita- 
tion, these two properties would seem to be closely related, for if the 
response is instantaneous there is not time for a molecule to experience a 
collision. Initially, we will use the classical model to investigate the time 
dependence of re-emission following pulsed excitation. Subsequently, we 
shall infer the significance of collision effects insofar as possible. 

We consider a charged oscillator whose response represents that of a 
molecule. The alternating electric field of an incident light beam will set 
this oscillator in motion, such that it radiates a second alternating field which 
represents the diverted radiatioa This field alternates at the same frequency 
as the incident radiation (for a stationary oscillator) and thus constitutes 
Rayleigh scattering or resonance fluorescence. However, if the oscillator 
is, say, rotating, this motion will modulate the properties of the field. 
Thereupon side bands will be produced in the radiation at a separation from 
the incident light frequency which is equal to the rotation frequency. These 
side bands represent rotational Raman scattering or fluorescence. Other 
types of Raman scattering and fluorescence (vibrational, vibrational- 
rotational, etc. ) can likewise be represented through this model. 

We wish to discover what happens as the frequency of incident light is 
brought near resonance with the oscillator; in particular we wish to ascertain 
the amplitude and time dependence of the diverted radiation when the incident 
light is in the form of a short pulse. To do so, we represent the incident 
light at the oscillator in terms of its electric field 
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The response of the charged oscillator is described by the differential 
equation 

X(t) + tfx( t) + X (t) = - — Ei (t) (3) 

3mc 3 m 

where X(t) is the separation between the charges, e is the charge magnitude, 
m is the reduced mass associated with the charges, and Cl is the (angular) 
resonance frequency. 

s 

Introducing the Fourier transform of X(t) through 

X ( t) = j Xh)e +m (4) 
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and taking the Fourier transform of Eq. (3), we obtain 
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The far field of the scattered radiation at a distance R from the oscillator and 
in a direction perpendicular to its oscillation is given by 


E 2 (R, t) 



or using Eq. (2) 


E 2 (R, t) 
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Here we consider only the scattered field at the same frequency as the incident 
field; i. e. , Rayleigh scattering. The frequency -shifted fields, arising say 
from rotation of the oscillator (Raman scattering), can be expected to show the 
same general time dependence. 


Substituting for X(uu) from Eq. (5) we obtain 


E 2 ^R, t+ ^ 




du) uJ 2 E 1 (uj)e' t '^ t 
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and therefore, the total scattered irradiance at a distance R is given by 
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The angle dependence of this irradiance, which we shall omit in this deriva- 
tion, is given by cos 2 i|f, where ijr is the angle between the polarizations of 
incident and observed re-emitted light. 


Suppose that the scattered radiation is analyzed by a spectrometer (or 
filter) with passband S(|uu|). The irradiance of scattered light within this 
passband is 


I 2 (R, t) 




diu k u) 2 E 1 (uu)e 1UJt 

"orT '> 2 

U)« -IP- 111) Y 


(ID 


where we have omitted the time -of -flight delay R/ c. 


Equations (1), (2) and (10) relate the time dependence of the incident and 
observed scattered radiation. To examine this dependence for a simple case 
we assume that the incident light is in the form of a coherent pulse with 
Gaussian time distribution and pulse length 1/ A; i. e. 

Ei(t) « e * ^ ' 2 cos u)i t (12) 

The Fourier transform of this pulse is 


E^uo) = K e 
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where K is a normalization constant. It is convenient to express this constant 
in terms of the energy per unit area J x in the incident pulse. Thus 


K 2 = 


4n 3 / : 

cA 


h 


(14) 


Substituting from Eq. (13) into Eq. (10), we obtain 
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where C. C. , signifying the complex conjugate of the integral, arises from the 
second term in Eq. (13). It is apparent from this result that the time depen- 
dence of the scattered light is determined by an integral of the form 
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We have not been able to obtain a general closed form expression for this in- 
tegral. However its qualitative behavior can be inferred from a plot of part 
of the integrand. Furthermore, Eq. (15) can be solved for several limiting 
cases. Finally, numerical solutions can easily be obtained using a computer. 
We will discuss each of these approaches below. 


If a wide, constant passband is assumed, S(m) may be set equal to one, and 
the integral in Eq. (15) becomes a Fourier transform of the function 

2 -(m-m^/2 A 2 

F(m) = (17) 
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Note that this function is a product of two strongly peaked functions, i. e. , 
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and 
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A plot of |F(ou)| is shown in Fig. 4 for the “near -but -off" resonance case. 
Except for a change in amplitude and slight shift in frequency, this function 
differs but little from the Gaussian frequency distribution of the incident light. 
Therefore, in this case we expect the re -emission to follow the time depen- 
dence of the incident pulse; i. e. , it will be effectively instantaneous. This 
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Figure- 4 Plot of absolute values of the two peaked functions in F(w), and 
their product, for the "near-but-off-resonance" case. The dashed line 
mostly to left represents abs[uu 2 /(uJ 2 r^-i^r)], that mostly to right represents 
exp[-(uj-u) 1 ) 2 /2A 2 ], and the solid line represents the normalized product. 



Figure 5 Plot of absolute values of the two peaked functions in F(u)), and 
their product, for the " intermediate" (partial overlap) case. 
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conclusion follows from the fact that in each case (incident and observed 
scattered light) the time dependence is determined by similar integrals of the 
frequency dependent function. 


In Fig. 5 we show an intermediate case, in which the spectral distribution 
of the incident radiation substantially overlaps the absorption line. In this 
case one component of the product closely resembles the Gaussian distribution, 
but a small second peak appears near the center of the absorption line. Here 
we expect that the light in the spectral region of the Gaussian will appear as 
a short pulse, whereas the light centered in the spectral region of the smaller 
peak will exhibit a slower, quasi-exponential decay. Thus, in this case both 
scattering and fluorescence appear in the diverted light. 

Finally, if the spectral distribution of the incident light is a broad peak 
centered on a relatively narrow absorption line, corresponding to traditional 
fluorescence, then the product has nearly the same shape as the absorption 
line; therefore, in this case the re -emitted light will follow the expected, 
relatively slow exponential decay of fluorescence. 

We may obtain approximate expressions for the magnitudes of fluorescence 
and scattering for the case of near-but-off resonance by utilizing an approxi- 
mate form for F(uu). In this approximation, F(uu) is replaced by the sum of 
two functions, in each of which the wing of one peak is evaluated at the center 
of the other; i. e. , 


F(u>) 


2 — (oj-ouo ) 2 /2 A 2 q2 -(0-uuo) 2 / 2 A 2 

G j 6 

ujo -fl 2 -iu)y uj 2 -fl 2 -i(Dy 


(18) 


This approximation can be quite good when the separation from resonance is 
large compared to A, although it breaks down very near resonance. In 
particular, when the separation from resonance is large compared to both A 
and y, and A > >y, the first term in F(uu) clearly leads to scattering and the 
second to fluorescence. We have just argued that both processes may exist 
simultaneously. It is possible to estimate the absolute magnitudes of each, 
and their ratio by substituting from Eq. (18) into Eq. (15). We obtain an 
expression for I 2 (ir) which contains a square of the sum of two integrals, one 
arising from each term in F(uj). Cross products of these integrals produced 
in the squaring operation lead to contributions which "beat”, oscillating at a 
frequency equal to the separation from resonance. This type of beating will 
be washed out by collision effects and Doppler broadening in most cases. 
Thus, for present purposes, we drop these terms, leaving two components 
to I 2 ; i. e. 

I 2 = l2s + % 
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where 


co 


I 2 



Continuing our assumption of a broad passband (S(id) =1), we can easily 
evaluate these integrals, obtaining 


W*) 


Jj A 

/rR2 





and 



2 / e 2 V 

/iTR 2 A y me 2 y 


e -(a-u) x ) 2 / A 2 e -yt 


t ^0 


= 0, t < 0. 


( 21 ) 


( 22 ) 


It is clear that I 2s follows the time dependence of the incident pulse, while 
I 2 f shows the exponential decay of fluorescence. Integrating over time we 
- obtain the total energy (per unit area) in each component: 



(23) 


J2f 


2 Ji ( e 2 \ 2 -(a-m x ) 2 / A 2 

Vtt'R^Ay \ me 2 / 


(24) 


The results for the fluorescence components l 2 f(t) and J 2 f are of mostly 
academic interest, since typically these will be significant only near the 
limit of applicability of the approximation, and there they are likely to be 
very sensitive to inhomogeneous pressure and Doppler broadening, whose 
effects we have not included. 


However, the results for the scattering component, I 2s (t) and J 2s are of 
practical interest, because they remain significant far from resonance where 
the approximation is very good. If Eq. (23) is multiplied by the angle- 
dependent factor appropriate to this simple model, cos 2 \|[, summed over 
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polarization and integrated over the area of the sphere at distance R, the 
total scattered energy is obtained in the form 



(25) 


Defining a scattering cross section 



and employing the near-resonance approximation 
jujf - 4tf (u)i - Q) 2 > uh = Q 

we obtain 



(26) 

(27) 

(28) 


It is interesting to compare Eq. (28) with the quantum mechanical result 
presented subsequently in Eq. (45). Except for numerical factors which are 
near unity for strong transitions, they are the same. 

So far we have discussed the time dependence of ^(t) through qualitative 
arguments and limiting cases. Now, to be more precise, we consider a 
direct numerical solution for IgCt) under conditions which are in the transition 
zone between limiting cases. Starting with Eq. (15), we first put it into a 
more convenient form for computer integration. 



(29) 


(30) 


neglecting unmeasurable high frequency components. It is convenient to take 
explicit account of a detector response in order to limit the necessary com- 
puter operations; therefore, let us define R(t, t') to be the response of a 
detector at time t to a signal at time t'. Then the detector signal will be 
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Z(t) = R(t, t 1 ) I 2 (t')dt' 


(31) 


Substituting for Mt) from Eq. (30) and writing out the absolute square, we 
obtain 


4 


Z(t) = 


dt'R(t, t' ) / ^ 

4rr 


(32) 


* -0 


Introducing a= u) 1 -u) and inverting the order of integration, we may put this 
equation into the form 


Z(t) = 


J*(uj) J(uu+a) j dt'R(t,t')e iat ' 
4rr 2 


(33) 


Now suppose that the detector response is exponential; then 


R(t 


,t') = I e -(t ~ t,)/T , t > t ' ; = 0, 


otherwise 


(34) 


and, performing the integration over t 1 , we obtain 


Z(t) = — y 
4tt 


da 


iaT 


1+iaT 


du) J*(uu) J(uu+a) 


(35) 


It is convenient to define the correlation function 

f 

G(a) = j duj J^(uu) J(uu+a) 

- 00 , 


(36) 


Then note G(-a) = G*(a). Using this property and the fact that the J's are 
negligible for negative values of uu, we can write Eq. (35) in the form 


z <t> - 


da 


iaT 


1+iaT 


G(a); 


(37) 
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where the symbol R denotes the real part of the integral. 

In the computer calculation the correlation function G(a) is first cal- 
culated. This operation is facilitated by the fact that the J's are significant 
over only a small spectral region. Furthermore, large values of ado not 
have to be considered because of the denominator in the a-integral. After 
calculation of the correlation function, a fast Fourier transform routine is 
used to obtain Z(t) and this function is displayed by a digital plotter. The 
results obtained over a representative range of conditions are shown in 
Fig. 6- The transition from delayed to instantaneous re-emission in the 
simple case considered is quite evident. 

A quantum mechanical analysis of the time dependence of re -emission 
from a molecule following pulsed excitation has been developed by Seth D. 
Silverstein (see Appendix C). In this analysis the light pulse is represented 
by a propagating coherent wave packet of the type introduced by Glauber 
(ref. 17). The results confirm those of the classical approach described 
above. 

Relevant conclusions can be drawn from these results along what might 
be considered as three levels of conjecture. First we consider pulsed ex- 
citation of a gas at sufficiently low pressure such that interactions between 
molecules can be neglected. In this situation the distinction between scatter- 
ing and fluorescence concerns only the time dependence of the re -emission. 
The behavior of the classical model implies that "instantaneous" re -emission 
(i. e. , scattering) will be observed when the separation from resonance is 
several times larger than the widths of the excitation and absorption lines. 

We have not included the line shifts resulting from particle motion in this 
analysis. However, the resulting Doppler broadening falls off extremely 
rapidly in the line wings, such that we may conclude that scattering will be 
observed under the condition described above providing the absorption line 
width is considered to include the Doppler broadening. 

At the second level of conjecture, we consider the effect of particle 
interactions on the re-emission as the pressure is increased. At STP, the 
mean time between collisions t c for small molecules is on the order of 10" 10 
sec., whereas the duration of a collision is on the order of 10 -11 to 10" 12 sec. 

If we may regard a molecule as "isolated" in between collisions, then the 
results of the classical model apply. However, in this case the interaction 
between molecule and light must occur in a time short compared to t c , which 
necessitates that the spectral width of the exciting pulse be large in compari- 
son to the collision broadening width 

Y ^ 1/ t 
c e 
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Figure 6 Plots of the time -dependence of detector responses for a short incident light pulse and consequent 
light re-emission from a charged oscillator, as a function of separation from resonance. The assumed 
spectral distributions of incident light and absorption line for each case are shown in the upper right corner. 
The re-emission time dependence overlays the incident pulse (solid line) for the off -resonance (no overlap) case. 
Pulses are displaced from zero by the finite detector response. 



This condition, when coupled with that of no overlap, suggests that scattering 
will be observed when the separation from resonance is much larger than the 
collision broadening width of the absorptionline. Here also, we must consider 
Doppler broadening, and in addition, we must consider the absorption line 
shifts introduced by the fields of interacting molecules. The statistical 
distribution of these fields introduces a so-called inhomogeneous broadening 
which has the effect of shifting some molecules into resonance. Whenever 
the contribution of these molecules to the re-emission is significant, it will 
display characteristics of fluorescence. This type of broadening is often 
called "statistical broadening" (ref. 12). It will be discussed in somewhat 
more detail subsequently. However, we note that statistical broadening does 
not necessarily fall off as fast as Doppler broadening in the line wings. Hence 
its effect can extend much farther from resonance. The detailed theory of 
statistical line broadening in the far wings of a line is difficult, and so far in- 
complete, prohibiting definite conclusions about the transition from scattering 
to fluorescence. On the other hand, our arguments suggest that experimental 
observations of this transition might provide valuable information about the 
broadening processes. 

Finally, at the third level of conjecture, we consider excitation by mono- 
chromatic (and hence continuous, rather than pulsed) radiation. In this case, 
the distinction between fluorescence and scattering dan be made only on the 
basis of sensitivity to collision effects (within the criteria adopted in this 
report). The classical analysis developed previously bears no obvious 
application to this case. Indeed, in order to relate the quenching of mono- 
chromatic excitation to a temporal behavior of re-emission, we would have 
to consider individual absorption events, which are distinctly quantum- 
mechanical in nature. Consequently, we believe that the transition from 
scattering to fluorescence in the case of monochromatic excitation is properly 
treated only by a quantum -mechanical analysis of intermolecular effects in 
the far wings of an absorption line. Such an analysis is not yet available in 
the literature, and is regarded as beyond the scope of this investigation. How- 
ever, in its absence it is tempting to speculate that quenching of monochromatic 
radiation will not differ substantially from that of broad band radiation centered 
at the same wavelength, provided there is no significant overlap of the latter 
with the absorption line. 

If this and previous speculations are correct, the transition from 
scattering to fluorescence should occur at a separation from resonance 
several times larger than the absorption line width, the emission linewidth 
or the range of significant inhomogeneous broadening, whichever is larger. 
However, we do not consider this general conclusion to be firmly established. 
Preliminary indications from a different, quantum analysis suggest that it 
should be regarded with healthy skepticism until tested by additional 
theoretical analysis and experiments. 
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Simple Quantum Mechanical Calculations 


In this section we use relatively simple quantum-mechanical results for 
scattering and fluorescence to draw some useful conclusions about these 
phenomena. The basic quantum -mechanical expression for a differential 
light scattering cross section can be written in the form 


uu 


(Ol2) n -f " 


4 2 

C 


i 


(D 2 L (Dj) 
fr rn 

tM rn" UJl+iY r/ 2 " 


(D a ) fr (Da) 


rn 


U j rf +UJ 1 - i Y r /2 


(38) 


Here Di and D 2 are components of the dipole moment vector in the directions 
of unit vectors ^ and e 2 which designate the directions of polarization of 
incident and scattered light, respectively; e. g. 


Di s D * e x 


The symbol (D!) rn , for example, designates a matrix element of D x between 
the initial state n and an intermediate state r, and i« rn = uJ r - u) n , where ftuu r 
is the energy of the state r. The quantity v r is the line width for the state r. 
To correspond to a practical case this cross section must be averaged over 
the distribution of initial states (n) of molecules (atoms) under observation 
and, for each initial state, it must be summed over all final states (f) which 
correspond to scattering in the spectral range of interest. 

The cross section is defined such that the intensity (watts/ steradian) of 
light scattered per molecule in corresponding transitions and with appropriate 
polarizations is given by 


■h ~ a i2li 


(39) 


where Ii is the. incident irradiance (watts/m 2 ). 


Simplification near resonance. - Sufficiently near resonance, one or a 
few terms in the sum over r inEq. (38) will often predominate. Unless the 
gas is highly excited, these terms must be of the first type; i. e. , with 
denominators of the form u> rn - uu x + iy v /2. In such cases, if only one inter- 
mediate state is involved for each initial-final state pair, we may write the 
cross section in the form 


(012) 
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(40) 
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In particular, the total cross section, that is, the cross section integrated 
over all scattering angles, and summed over scattered light polarizations, is 
given by 

T 8tt 
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D, 
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rn 


n-f 9 c 4 * 2 (w rn -u)) 2 + Yr/ 4 


(41) 


where |D r f| 2 designates the absolute square of the vector matrix element; 
i. e. , 
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(42) 


Note that the absorption oscillator strength for the transition n-*r is defined 
by 

2m u) 
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Thus we obtain for the total cross section 





2TT 0)2 

W ' 

rn ^rf (uh-Wrn) + Yr/4 



f f , 
rn rf 


(44) 


In this derivation we have excluded consideration of degeneracy arising from 
various orientations of the total angular momentum of the molecule. For- 
tunately, it is possible to include this ubiquitous type of degeneracy rigorously. 
Averaging over initial orientations (magnetic quantum numbers) and summing 
over final orientations, we find that the result is a T as given by Eq. (44), 
multiplied by g^/ g r , where the g's are the state orientation degeneracies 
associated with the total angular momentum J; e. g. 


2J + 1 
r 


The near resonance approximations u) rn = ajj and uu r f = u )2 can be used to 
write Eq. (44) in the form 



( 45 ) 
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where we have neglected the linewidth Y r - It is interesting to note that this 
differs from the classical result of Eq. (28) only by the factor 



which is near unity for a strong transition. 


(46) 


Comparison of Expressions for Scattering and Fluorescence . - Using 
Eq. (41), we can write an expression for the rate R sc at which photons are 
scattered per molecule in an incident beam of irradiance Ii (watts/m 2 ). 
Thus 

E ' T 

0 n-f (47) 

— 

f ft u>2 


where u) 2 = u)i - uufj and the sum over f extends over all final states for which 
102 > 0- Substituting from Eq. (4l) for the cross section, we obtain 
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The radiation linewidth y is given by 



This result and the near resonance approximation 
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can be substituted into Eq. (48) to obtain 

2 Y /2tt 
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(i 0 ri-u)i) + Yr/ 4 

But this expression is equal to that for the rate at which photons are absorbed, 
given by first order perturbation theory, and therefore it is also equal to the 
rate of Ftp of fluorescence in the absence of collision effects, This result 
suggests that Eq. (38) describes both scattering and fluorescence in the 
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absence of collisions. In this sense, scattering and fluorescence can be 
regarded as the same phenomenon in different behavior regimes, as already 
suggested by the classical analysis. However, in actual experimental 
situations, inhomogeneous broadening and multiplicity of intermediate levels 
can lead to a variety of conditions, such that both fluorescence and scatter- 
ing can appear simultaneously upon excitation near resonance. Furthermore, 
we must consider processes in which re-radiation excited in an absorption 
region is terminated quickly by an internal process such as dissociation. In 
such cases this radiation can display the properties of scattering, even 
though excited "on resonance. " 

Ratio of Scattering Excited Near Resonance to (Quenched) Fluorescence 
Excited on Resonance. - An estimate of this ratio is useful for experimental 
purposes; for example, one must consider the fluorescence excited by light 
in the wings of the spectral distribution of quasi -monochromatic incident 
light in comparison to scattering excited on line center. This estimate also 
sets the stage for later considerations of excitation within the wings of an 
absorption line. We develop this estimate in terms of the integrated absorp- 
tion coefficient K, defined as follows. If the transmission of a monochromatic 
beam of light through length l of a gas is given by 

T = e -k(o3)pt 


where p is the pressure in atmospheres (referred to STP), then (ref. 12) 
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Here the integral extends over the line, N 0 is the number density of molecules 
at STP and F r is the fraction of those molecules in the initial state r. An 
approximate value for k(uu) at its maximum can be obtained by dividing this 
integral by the total linewidth Y (including collision broadening). This maximum 
value can be equated to N 0 F n (a a ) peak, where (a a ) peak is effective the absorp- 
tion cross section at line center. Thus we obtain 


^ 0 a^ peak 



(53) 


The probability that the absorbed light will be re-emitted in a transition 
r-*f (before quenching) is 
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Y Jv § 
rf c 


(54) 


providing quenching is the dominant decay mechanism (v c §>> y r ). Here y r f 
is the transition probability per unit time for a radiating transition r-*f, y r 
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is the total radiation probability per unit time, is the collision frequency 
and § is the probability of quenching per collisioa Note 


Therefore 


rf 
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The total cross section for fluorescence re -emission in the transition r-*f 
is then 


^ a f ^peak 
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Assuming that the line broadening is dominated by quenching, we set 


v = r/2 
c 

Then 
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The ratio of the cross section for re -emission excited off resonance, given 
by Eq. (45), to the peak re-emission as given by Eq. (58) is 


NRRS 

^ a f\)eak 
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(59) 


where Auu is the separation from resonance. To recapitulate, the following 
assumptions were made in deriving Eq. (59): 


(a) Quenching is the dominant de-excitation mechanism. 

(b) Simple Lorentz collision broadening model is applicable. 

(c) Collisions are the dominant broadening mechanism. 

If we assume, moreover, that NRRS is observed at a separation from 
resonance equal to 10 times the linewidth F, and § =“ 1, then 
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( 60 ) 


Actually, the effects of inhomogeneous broadening may reach out to a further 
separation than 10 R in which case Eq, (60) is a high estimate. Nevertheless 
it illustrates that where a discrete strong absorption line is involved, such 
that the (quenched) fluorescence is likewise strong, there is a good chance 
that NRRS will be observed. 


Near Resonance Raman Scattering From Atoms 

Previously, we have used a slightly more detailed version of Eq. (45), 
which includes the angle and polarization dependence of the scattering, to 
calculate the electronic Raman scattering cross sections for the following 
group of atoms: boron, aluminum, gallium, indium and thallium. This 
series is characterized by low-lying excited electronic states and accessible 
higher states through which RS can proceed. These properties are evident 
from the level diagrams shown in Fig. 7. The NSSR cross sections calculated 
for aluminum atoms (ref. 18) which are shown in Fig. 8 , are typical of the 
group. It is significant that an enhancement of about 10 8 over N 2 vibrational 
RS is predicted at separations from resonance on the order of 1 nm. The 
corresponding Raman shift near resonance is about 2 nm. Although an ex- 
periment appears feasible to verify this strong re-emission, and to deter- 
mine whether or not its characteristics are those of scattering, none has yet 
been reported to our knowledge. 

Near Resonance Raman Scattering From Molecules 

In the situation discussed above, the oscillator strengths are large (~1) 
and the absorption lines distinct and well separated. For molecules the 
situation for this type of NRRS is generally less favorable. Typically, 
molecule absorption lines are closely spaced, individual line oscillator 
strengths are much smaller and, as a rule, only a moderate fraction of 
molecules are in initial states which contribute to a particular absorption 
line. Thus we are led to consider NRRS in proximity to an absorption band, 
rather than to a line. Typical bands of interest for the molecules 0 3 , SO 2 , 
and NO (refs. 19, 20, 21) are shown in Fig. 9 a, b and c. 

There is a complication in the calculation of NRRS from a band, because 
within the absolute square in Eq. (38), some of the terms in the sum over 
intermediate states (r) may be positive and others negative, producing inter- 
ference effects. (In the general case, these terms can be complex with 
various phases. ) These effects are discussed in somewhat more detail in 
Appendix B. However, at a separation from resonance which is large 
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Figure 7 Level diagrams for aluminum, gallium, indium and thallium, 
showing transitions which lead to shifted re -emission (Raman scatter- 
ing or fluorescence). 
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Figure 8 Re -emission cross sections for aluminum calculated from oscil- 
lator strengths. The cross sections a zz corresponds to re-emission with 
polarization parallel to that of incident light, whereas Ozx corresponds to 
re-emission with polarization perpendicular to that of incident light. 


compared to the width of the nearest band, but small compared to the separa- 
tion between bands, it can be shown that these interference effects are 
negligible, such that the contribution of the band to scattering is proportional 
to its overall strength. Thus, for a first approximation, we estimate NRRS 
cross sections on this basis. Assuming that the initial and final electronic 
states are the same, and neglecting rotational structure, we write Eq. (45) in 
the form 

f2 (^) Z p « l<rln>|2|<rlt>|2 (ei) 

n, r 

Here f is the electronic absorption oscillator strength, P n is the fractional 
occupation of the vibrational state n, and | (r|f) |? for example, is the overlap 
integral between vibrational states r and f. The effective resonance frequency 
is denoted simply by uur. The overlap integrals are normalized such that 

I <a |b) | 2 = 1 
a 
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TRANSMISSION 












Summing Eq. (61) over all final states f, we find that the sum over r can 
then be completed, and the cross section for Rayleigh plus vibrational 
Raman scattering becomes 


a T 



(62) 


where the second equality has been expressed in terms of wave numbers (e. g. , 
Vj = tu 1 /2 TT c). The integrated absorption coefficient for the band (here integrated 
over wave numbers v) is 


K = TT 
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where again N 0 is the molecule number density at STP. Thus we obtain 
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We can write the integrated absorption coefficient in the form 


K = (k ) 6v 


where (k) is the average monochromatic absorption coefficient and 6v is the 
bandwidth. Then 
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Previously, we assumed that near-resonance scattering would be observed at 
a separation from resonance equal to ten times an absorption line width. 

Since a typical bandwidth will be much greater than the width of a single line, 
we assume here that scattering will be observed at a separation from 
resonance equal to the bandwidth. Then 




( 66 ) 


Now, noting that N 0 = 2.69 x 10 19 molecules/cm 3 at STP and that \>i and V 2 
are approximately 3 x 10 4 cm -1 for incident wavelengths near 300 nm, we 
obtain 


o T (cm 2 ) - 10" 3 ° <k> 2 (67) 

for this near UV spectral region, where k is in units of cm -1 atm -1 to base e 
and referred to STP. Equation (67) can be used along with the results for S0 2 
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and 0 3 shown in Fig. 9 to obtain an estimate of the enhancement, if any, of 
the scattering from these molecules. Of course, in general the effects of 
limited resolution (spectrometer pass band wider than individual absorption 
linewidths) must be carefully considered in determining (k) from absorption 
measurements. However, the absorption bands for SO 2 and 0 3 in Fig. 9 have 
been shown to be quasicontinuous by high resolution measurements. Thus 
we can take values of (k) directly from these figures. For S0 2 we obtain 

<k> =“ 20 cm" 1 atm' 1 

and a T “ 4 x 10" 28 cm 2 . 

But the value of ax for Rayleigh plus Raman scattering from S0 3 extrapolated 
from measurements in the visible is several orders of magnitude larger. Thus 
this estimate suggests that there will be no significant enhancement of the 
scattering from S0 2 under the near-resonance conditions assumed for this 
example. 

For 0 3 

<k) ““ 200 cm -1 atm -1 . 

In this case Eq. (67) provides the estimate 

a T =* 4 x lO -26 cm 2 

which is approximately equal to the extrapolated cross section. Thus little 
enhancement of the total scattering is predicted, although Raman scattering 
may be moderately enhanced if the Raman-to-Rayleigh ratio increases. 

A NRRS cross section can be estimated similarly for NO, using in- 
tegrated absorption coefficients measured by Bethke (ref. 21). For the 
longest wavelength absorption band, y(0>0), we obtain 

<k> 30 cm -1 atm" 1 

and 

a T - 10" 27 cm 2 
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This value is about two orders of magnitude smaller than the extrapolated 
total cross section for NO at 226.5 nm (1.6 x 10 -25 cm 2 ). Therefore in this 
case there appears to be little hope of useful enhancement. 

Alternatively, Eq. (45) can be used to estimate the NRRS for incident 
light at, say, 250 nm. In developing this estimate, we simply sum the con- 
tributions from the various bands listed by Bethke algebraically, neglecting 
interference effects which might make the actual cross section substantially 
larger (or smaller) than estimated. We obtain 

o T “ 3.6 x 10" 28 cm 2 

which is orders of magnitude less than the extrapolated cross section. 

Thus the cases considered here are unlikely to produce strongly en- 
hanced scattering. However, in later sections of this report we will point 
out more promising situations. 


Approach to Resonance - Excitation within the Broadened Line . - When 
the exciting wavelength is tuned toward the center of a pressure broadened 
absorption line, at some point interactions between gas molecules will begin 
to have a significant affect on the re -emitted light. In particular, there are 
spectral regions where pressure broadening and quenching have comparable 
opposite effects on the intensity of this light, such that the intensity per 
molecule can be insensitive to pressure over a broad pressure range. 


This phenomenon can be explained within the context of the Lorentz 
line -broadening theory, following an analysis similar to those developed in 
refs. 11 and 22. The absorption cross section in the presence of Lorentz 
broadening is given by 
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Here Yrn probability per unit time for the radiating transition r-*n, 

and F is the total width of the upper level r. The effective cross section for 
light re-emission associated with the molecular transition r-*f is given by the 
product of the absorption cross section and the probability that the 
transition r-*f will occur before some other event (e. g. collision or radiation) 
alters the state of excitation; thus 
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Here the subscript L indicates re-emission into a particular line. 

It is possible to derive a simple expression for P L if one assumes that 
the various decay rates associated with the excited state r are independent 
of the excitation frequency. The probability per unit time of decay by radia- 
tion is y. Non-collisional decay by processes such as dissociation and pre- 
dissociation can occur in some cases; the probability rate for these processes 
will be designated by Fg. Collisions induce decay by quenching, at a 
probability rate Fq. Elastic collisions make a contribution Fg to line broaden- 
ing, and other collisions produce small changes in the excitation energy at 
a rate Fg, typically creating a broad band of fluorescence upon which the 
various lines are superimposed. Thus the total linewidth is given by 
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If the rate of excitation is R, 
in state r is given by 

R = Y rf*^r + (Y_Y 


then the steady state population N r of molecules 
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Here we assume that repopulation of state r by collisions is negligible. 
Then the probability of decay by re-emission r-*f is given by the ratio of 
this rate to all decay rates; i. e. , 
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Likewise, if we assume that the various decay rates for all excited states 
are equal, the probability of decay by re-emission into the broad continuum 
following excitation of state r is 
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From Eqs. (68), (69) and (70), we obtain for the line fluorescence 
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This result leads to interesting predictions, for if collision broadening and 
quenching predominate, then to a good approximation 

r E ' ep 

r Q = ® 

r = Kp 

where p is pressure and e, q and K are appropriate proportionality constants. 
Substituting the first and last of these results into Eq. (71) we obtain 
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This equation predicts that for excitation well out on the line wings, where 
w-w rn »Kp, the resulting line fluorescence per molecule will be independent 
of pressure . Furthermore, to the extent that the last term approaches unity 
(insignificant proportion of elastic collisions) it will be independent of gas 
constituency. A similar result obtains for the broad continuum fluorescence. 
These results are not changed by inclusion of Doppler broadening provided 
that the separation from resonance is also large relative to the Doppler width. 

Although this particular result has not been emphasized previously to our 
knowledge, the basic idea is not new. Mitchell and Zemansky (ref. 12) discuss 
the interplay of line broadening and quenching in qualitative detail, and the re- 
sults of Fouche, Herzenberg and Chang (ref. 11) are very similar to those pre- 
sented above. However Fouche et al . did not include the elastic collisions 
which, within this simple theoretical model, are necessary to account for 
initial increases in the fluorescence cross section with background gas pressure 
as observed by St. Peter 1 s et al. (refs. 14, 22). 


The simple Lorentz broadening theory is still utilized as a useful first 
approximation close to resonance. Thus, it is interesting to compare Eq. 

(72) with the quantum mechanical result for scattering, which should describe 
the same effect far from resonance. If transitions through a single inter- 
mediate level dominate the scattering (as in the case of Al atoms described 
previously, even tens of nm from resonance) then the scattering cross 
section is, from Eq. (45), 
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Using the relationship between oscillator strength and radiation line width 
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and the equivalent expression for y r f» we obtain 
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( 75 ) 


This result differs significantly from Eq. (72) by the absence of the factor 
k/(K-£). The difference reflects a failure in one or perhaps both theoretical 
analyses which must be examined by a more detailed theory. 


Effect of Statistical Broadening. - Up to this point, we have used the 
Lorentz broadening theory to describe the effects of interactions between 
molecules on fluorescence. There is a complementary approach to line 
broadening which leads to somewhat different conclusions. In the rudimentary 
form of this theory, the relative motions of molecules are neglected. The 
fields at a molecule produced by its near neighbors introduce relative shifts 
in energy levels such that the absorption line for that molecule is also shifted. 
The overall broadened line is produced by the superposition of these shifts 
weighted by the statistical probability of the configurations producing each 
shift. This approach has been called the statistical broadening theory 
(ref. 12). 


Thus, if we designate the coordinates describing a particular configura- 
tion of neighbors around a molecule by X, the probability of this configuration 
by P(X) and the resulting shift by 5(X), the absorption line is given in the 
simplest formulation by 
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(76) 


Except for the contribution of the natural line width, this type of broadening 
is of the type often called inhomogeneous broadening; that is, the absorption 
line of any particular molecule at a particular time is much narrower than 
the composite line width. Doppler broadening, which is also inhomogeneous 
in nature, can be incorporated within this formulation by extending the 
variables indicated by X to include the velocity of the absorbing molecule, 
and including within 6(X) the corresponding Doppler shift. 
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Equation (76) differs from its Lorentz broadening counterpart in that 
it does not predict increasing absorption with pressure far from resonance. 
Furthermore, it can account for the absorption line asymmetry and shift 
which are observed in many pressure broadening experiments. However it 
represents an extreme case (static condition) just as does simple collision 
broadening (instantaneous collisions). Many physical situations can be ex- 
pected to fall somewhere in between. Such cases can be represented con- 
ceptually by adding a term to Y r which depends on the rate of change of the 
configuration X. 

It is the task of detailed line -broadening theory to predict the behavior 
of the inhomogeneous and homogeneous contributions to the line shape. The 
goal of our theoretical considerations up to this point has been to use simple, 
general results to illustrate the relationships between scattering and 
fluorescence, as these terms are defined herein. We have also tried to 
make clear the intimate relationship between fluorescence excited near 
resonance by narrow wavelength sources, and the basic characteristics of 
line broadening. The continuing development of tunable lasers is opening this 
field of research into what should be an exciting and informative subject. 

Excitation into Dissociative Continuum. - When a molecule is excited 
into a dissociative state by absorption of light, it must either re -emit this 
energy quickly or fly apart, converting an appreciable fraction of its energy 
to kinetic energy. The time required to dissociate is on the order of 10~ n 
to 10 -12 seconds. Thus, in this situation there is little time for collisions to 
quench or alter the re-emission, with the result that it assumes the 
characteristics of scattering. 

Holzer, Murphy and Bernstein (ref. 4) have identified and examined this 
situation in re-emission from halogen vapors I 2 , Br 2 , Cl 2 , IBr, IC1 and 
BrCl. The scattering is characterized by strong overtones out to many 
harmonics, introduced by transitions through the continuum of outgoing 
spherical waves which characterize the dissociative states. The enhancement 
of this kind of scattering can be moderately strong. Holzer, Murphy and 
Bernstein found that when I 2 is excited by 488. 0 nm radiation, the cross 
section for the fundamental vibrational RS is about 4.4 x 10 -28 cm 2 /sr, 100 
times larger than that for the v x band of methane, or about 800 times 
stronger than that for N 2 at that wavelength. However, cross sections for 
this type of scattering from Br 2 and Cl 2 are much smaller. 

Other molecules which are conveniently excited above their lowest 
dissociation limits are 0 3 (~1000 nm) and N0 2 (398 nm) (ref. 23). Conflicting 
results exist for N0 2 excited at 337. 1 nm, with unpublished Vi vibrational 
cross sections quoted from 1 to 1000 times that of N 2 . One possible source 
of difficulty with these measurements is that N 2 04 exists in equilibrium with 


/ 
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NO2, and the equilibrium constants are sensitive functions of (NO2/N2O4) 
partial pressures and temperature. Furthermore, N2O4 absorbs more 
strongly than NO2 near 337. 1 nm (ref. 24). 


Finally, the RS cross sections for 0 3 excited near its very strong dis- 
sociative continuum centered at 250 nm have not been measured yet. However, 
in Chap. IV we develop an estimate of this cross section that suggests it might 
be very large. 


Scattering following excitation into the dissociative continuum has been 
examined theoretically by a number of authorSj with particular attention given 
to I 2 . Behringer (ref. 25) developed a theoretical expression for its intensity. 
Jacon, Berjot and Bernard (ref. 8) developed a quantitative expression for the 
scattering intensity as a function of the incident wavelengths, and demon- 
strated agreement between this expression and their experimental results. 

In particular, they pointed out the importance of off-resonance (virtual) 
terms in the scattering amplitude. Finally, Kiefer and Bernstein (ref. 26), 
and Williams and Rousseau (ref. 2 7) have explained the vibrational rotational 
structure of the vibrational and overtone " lines. " 

Scattering Over Quenched Fluorescence. - Jacon et al . (ref. 9) have 
pointed out that when fluorescence excited on resonance is strongly quenched, 
its intensity can be reduced to a point where scattering through nearby off- 
resonance states is comparable. This behavior can be predicted by writing 
the quantum-mechanical expression for the cross section in the form 
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(77) 


+ antiresonant terms 

Here we have summed over the limited group at final states (f) for which 
_ ^fi is in the frequency range of interest. The contribution of the inter- 
mediate state in resonance (r) is separated out of the sum over intermediate 
states, and we have inserted total widths T (including collision broadening) 
into the resonance denominators in order to take account of Lorentz broaden- 
ing. Jacon et al . consider Eq. (77) to represent both fluorescence and 
scattering. 



The widths F in Eq. (77) can be expressed in the form 
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where y r is the total width for non-collisional decay. 
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At low pressure the resonance term will clearly predominate (providing the 
line separation is much larger than line widths), leading to strong fluorescence. 
However, at high pressure the resonance term will be much smaller, whereas 
the sum over off-resonance terms will change relatively little if UJg^ - uj» kp 
for all significant contributions. Thus it appears that there are cases in which 
near -resonance scattering can predominate over strongly quenched 
fluorescence. 

Berjot, Jacon and Bernard (ref. 10)have used this argument to explain the 
changes in the re -emission of I 2 excited by 501.7 nm radiation as the back- 
ground pressure of argon is varied from 0 to about'40 atmospheres. The 
changes in depolarization, lineshape and overtone sequence are all character- 
istic of the transition of the dominant contribution from fluorescence (at low 
pressure) to Raman scattering (at high pressure). However, Jacon et al. 

(ref. 9) leave the impression that the intermediate states which contribute the 
dominant scattering at high pressure are part of the discrete set, as implied 
by Eq. (77). In fact, the polarization, intensity and lineshape variation with 
pressure all indicate that the dominant scattering contribution arises from 
transitions which begin from excited vibrational states and reach the dis- 
sociative continuum. Thus, we believe that J aeon et al . have actually observed 
RS following excitation into the dissociative continuum, rather than NRRS 
from discrete states. 


Fluorescence 


Dependence of Fluorescence on Gas Pressure . - The basic equations 
governing the dependence of fluorescence on gas pressure have been given 
previously. From Eq. (71), the effective cross section per molecule for line 
fluorescence excited by a monochromatic incident beam is 
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under the assumption of Lorentz broadening. Here A represents factors that 
are independent of pressure, and Yl represents the probability per unit time 
for decay by emission into the observed line. The pressure dependence of 
the contributions to the linewidth T can be expressed by 
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where y is the total width for non-collisional decay (radiation + dissociation, 
etc. ) and p is gas pressure. Equation (7 8) is applicable at line center, 
providing that collision broadening dominates over Doppler broadening, and 
in the line wings beyond the range where they are effected by Doppler 
broadening. If, in addition, excited state decay is primarily through 
collision-induced processes, then for excitation on line center (ua^ujj-) 

a L « 1/p 2 (80) 

Likewise, on the wings we find that is independent of pressure, as 
discussed previously. 


On the other hand, if the spectral distribution of the incident beam is 
constant over the absorption line, the effective "cross section" is obtained by 
integrating (uui ) over frequency. This operation yields 
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It should be noted that a l now has dimensions of area (x) frequency, since it 
must be multiplied by incident irradiance per unit frequency. This result 
produces the pressure dependence of the Stern- Volmer equation (ref. 12); 
i. e. , 

Y L y l 

r-f^ = y+(b+q)p (82) 

Likewise, if the absorption is continuous or quasi-continuous (composed of 
many lines with line separation < line width) such that the absorption per 
molecule is not pressure-dependent, we obtain 


a = A p (uu) — (83) 

L 1 E 

where p(a>) is an effective line density. Thus, in this case also the Stern- 
Volmer pressure dependence is predicted. It should be noted that the results 
for the last two cases do not depend on lineshape, but rather on the integral 
over it. In that sense they do not depend on the assumption of Lorentz 
broadening. A case of major present interest involves fluorescence from one 
of the minor constituents in a carrier gas (air). Under the assumption that 
collision rates are additive. 
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r E = eipi + e 2 p 2 + . . . + e c p c 

r B = t>!Pi + b 2 p 2 + . . . + b c p c 

= qiPi + q 2 P2 + . . . + q c P c 

Here pi, p 2 . . . represent partial pressures of minor gases, and p c , the partial 
pressure of the carrier gas. Likewise ei • b x , q* , etc. , represent correspond- 
ing coefficients for components of the line width. In cases where the carrier 
gas dominates the quenching, 

- (q c +b c )p c (85) 

and consequently, the fluorescence per molecule is independent of minor 
constituency. When this result is applicable to atmospheric monitoring, it 
implies that only a simple and rather small (< 10$) pressure broadening 
correction must be made to fluorescence data in determining the molecule 
number density of a minor constituent. This is the favorable situation 
for probing applications which was pointed out previously. 

Depolarization of Scattering and Fluorescence . - The polarization 
characteristics of scattering and fluorescence are relevant to present interest 
for two reasons. First, polarization can often be used to identify what type 
of process is being observed; second, processes can be separated from each 
other and/or background on the basis of polarization. For example, it 
should be possible to view nearly unpolarized fluorescence from N0 2 over 
highly polarized Raman scattering from C0 2 , even though both occur in the 
same spectral region, by using polarization filters to reject the C0 2 
scattering. 

The polarization of scattered light and fluorescence is partly character- 
ized by its depolarization factor. There are two alternative definitions of 
depolarization. The one we shall use is in terms of an experimental con- 
figuration involving a linearly polarized incident light beam and scattered 
light propagating in a direction perpendicular to the polarization and 
propagation direction of the incident beam. The depolarization p is then the 
following ratio: the intensity of that scattered light with polarization perpen- 
dicular to the incident beam polarization, divided by the intensity of that 
scattered light with polarization parallel to the incident beam polarization. 

This definition is illustrated in Fig. 10. In terms of the symbols used in that 
figure 

P = I /I . (86) 

x' z 
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BEAM DIRECTION 


Figure 10 Scattering geometry for definition of depolariza- 
tion. 


The definition of the alternative depolarization p' is similar except that the 
incident beam is unpolarized. The relationship between the two quantities is 



The significance of these depolarization factors extends beyond the 
experimental configuration in which they are defined. In fact, the de- ' 
polarization is a fundamental characteristic of the scattering, or fluorescence, 
determining for example its angular dependence (ref. 18). The depolarization 
(p) for vibrational Raman scattering away from resonance is quite small for 
many molecules, with occasional exceptions where it reaches 3/4. On the 
other hand, the depolarization of non- resonance rotational Raman scattering 
is usually 3/ 4. 

The studies of depolarization in scattering and fluorescence trace back 
to the original theoretical works of Placzek (ref. 28) and Mrozowski (ref. 29) 
and the early experimental work of Wood and subsequent work of 
Pringsheim (ref. 30). 

The depolarization of scattering and fluorescence from symmetric top 
molecules excited near and in resonance has been examined theoretically 
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by Seth D. Silverstein. This examination has revealed an effect not previously 
predicted to our knowledge: the dimunition of depolarization in scattering 

upon excitation in a dissociative continuum. This result has been demon- 
strated in experiments conducted by R. L. St. Peters and Seth D. Silverstein. 
Their results have been published (see ref. 31 and Appendix D). Below we 
present a qualitative description of their work. 


Two types of processes are considered. In the first, the transition is 
from a discrete initial state through a discrete intermediate state to a 
discrete final state (DDD transition). In the second, the intermediate state 
is within the dissociative continuum (BCD transition). When the excitation is 
on resonance, DDD processes lead to fluorescence, while in the case of 
excitation well off resonance they may lead to scattering, as we have defined it. 
(But see Appendix A. ) On the other hand, the DCD processes lead to 
scattering of the type identified by Holzer, Murphy and Bernstein (ref. 4). 

Many of the depolarization results for the DDD case have appeared previously, 
but in obscure references; these have been re-derived in the present work. 

In the DDD case, the depolarization contributed by individual transitions 
is independent of the quantum number K which designates the angular 
momentum component of the molecule parallel to the figure axis of the 
symmetric top. For K / 0 there are in general three Q branch transitions, 
which we denote by Q a (a = ±1, 0). These components correspond to the total 
angular momentum sequences shown below. 


_J + 1 

/ \ 

J — » J-^J 

V./ 


The individual depolarization contributions for these Q-branch components 
depend on the initial total angular momentum quantum number J. For 
a = ±1, both go to 3/4 asymptotically at large J, while the a= 0 component 
goes to 1/3. For K = 0 in both electronic states there is no Q-branch ab- 
sorption and the component corresponding to a = 0 is absent. 

Besides the Q branch transitions, there are those in which the total 
angular momentum changes from initial to final state. The entire manifold 
of transitions is shown below. 
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This manifold obviously results from the emission-absorption selection 
rules AJ ± 1, 0. If K=0, in both upper and lower electronic states, then the 
selection rules reduce to AJ = ±1, and the J' = J±1 transitions vanish, along 
with the J-*J-*J transition. The depolarization of AJ = ±2 transitions, and 
the asymptotic depolarization of the remaining Q-branch transitions is 3/4. 

Since the Q-branch components start from the same initial state, and end 
on the same final state, their contributions can interfere within the absolute 
square of the scattering equation. (See Appendix B for a general discussion 
of interference effects. ) However, the resonance situation will pick out only 
one of these transitions in the DDD case, providing that the separation of the 
upper states is larger than the linewidths involved. 

In the case of I 2 excited from the ground electronic state by wavelengths 
longer than the dissociation limit, the transitions are of the DDD type and 
K = 0 in both upper and lower electronic states. Furthermore, the rotational 
constant of I 2 is very small because of the large nuclear mass of iodine. 

Thus high angular momentum states are thermally excited. The transitions 
observed in recent experiments on I 2 using argon laser excitation are nearly 
all high J transitions, such that the asymptotic high J results for Q-branch 
depolarizations are applicable. Thus the depolarization of each component 
of the doublet which results (corresponding to transitions J-*J+1 -* J+2, 0 or 
j_,j_l 0, depending on which state is excited) is 3/4. 

This depolarization is observed, in fact, at low pressure. As (I 2 or 
background gas) pressure is increased, two effects can change the de- 
polarization. First, elastic collisions occuring between excitation and re- 
emission cause it to increase. Second, homogeneous line broadening can 
enable significant contributions from both (J±l) Q-branch components, in 
which case they can interfere within the absolute square, reducing de- 
polarization. In I 2 , the separation of the J±1 upper states in transitions 
which have been observed is sufficiently large so that the first effect can be 
expected to predominate, at least at moderate pressures. In fact, an in- 
crease in depolarization is observed in this regime. 
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In the DCD case, the situation is markedly different, because the 
continuum states are effectively degenerate in J. As a result, the Q-branch 
transitions through J+l and J-l intermediate states interfere, reducing the 
depolarization of the Q-branch toalimiting value of 1/8. The experiments 
we have conducted to observe the Q branch in DCD transitions yield a de- 
polarization of 0. 12 ± 0. 01 , in excellent agreement with the theoretical 
result. These experiments necessarily require very narrow (<2cm : ) slit 
because the J 1 = J+2 and J' = J-2 branches are shifted only slightly from the 
Q-branch. Theoretical calculations indicate that the composite depolarization 
of all three branches is 1/3 in the limit of large J. This result has also 
been confirmed by our experiments with wide slit functions, and has been 
observed by others. Our interpretation of the high pressure I 2 experiments 
described by Berjot et al . (ref. 10) is that the DDD fluorescence that pre- 
dominates at low pressure is quenched to the point where DCD scattering, 
which is not quenched, predominates at high pressure. This interpretation 
is consistent with their relatively wide slit function observations of the 
change in depolarization from 3/4 to 1/3 at high background pressures and 
their observation that higher pressures are required to produce the effect at 
514. 5 nm than at 501. 7 nm. The latter observation is reasonable because 
DCD transitions are weaker at the larger wavelength because fewer molecules 
are available in the higher vibrational states which produce them. 



HI - EXPERIMENT 


In this chapter we describe experimental results obtained under support 
of this contract, and the two separate experimental facilities utilized for this 
work. 


Double Monochromator Facility 

The Double Monochromator Facility (DMF) has been in use for several 
years, providing measurements of Raman cross sections and scattering line- 
shapes in flames, among other things, A block diagram of its present con- 
figuration is shown in Fig. 11. 

Light sources. - The primary light sources used with this facility are 
separate argon and krypton ion lasers (Coherent Radiation Laboratory Model 
52) run from a common power supply. The ion lasers feature servo power 
stabilization to much better than 1$, and they can be operated in single long- 
itudinal mode (SLM) using a tilted etalon. This technique provides lines with 
spectral width and long term stability within 0. 0001 nm, in conjunction with 
tuning ranges on the order of 0. 01 nm for the stronger lines. The available 
spectral lines, corresponding power levels and SLM performance are shown 
in Table I. 

Double Monochromator. - A Spex 3/4 meter double monochromator, 
model 1400-11, is used to analyze the light diverted from the incident 
beam by gas molecules. This monochromator is fitted with 1200 -t/mm 
Bausch and Lomb gratings blazed for 500 nm (first order), providing a linear 
reciprocal dispersion of about 0. 55 nm/riim at the exit slit. A periscopic 
microscope focussed on the entrance slits from inside the monochromator 
facilitates alignment, since the image of light diverted from the laser beam 
is likewise focussed on these slits when optimum alignment is achieved, and 
thus the slits and scattering volume are viewed simultaneously in focus through 
the microscope. The wavelength setting is sensed directly from the lead 
screw by a digital encoder providing 0. 001 nm resolution. Scattered light which 
has passed through the spectrometer is detected by a selected RCA C31000E 
extended red response photomultiplier in a dewar cooled to -70°C by N 2 gas 
bubbled through liquid N 2 . The dark cc^int of this tube at room temperature 
is approximately 20, 000 cts/sec, but at -70°C it is reduced to about 10 counts/ 
sec. Careful measurements have revealed that the tube sensitivity to visible 
light remains nearly constant over this range. This photomultiplier has a 
semiconductor first dynode whose high secondary electron production produces 
a discrete pulse height spectrum. This characteristic facilitates pulse count- 
ing signal processing. 
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black screen 



Figure 11 Block diagram of the Double Monochromator Facility 
(DMF). 
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TABLE I 


Some spectral lines available from the Ar+ and Kr+ CRL Model 52 lasers used 
as primary sources for the double monochromator facility. Lines which have 
been operated in longitudinal single mode (LSM) and, in some cases, LSM 
tuning ranges and peak powers, are shown in the last two columns. 

\ . 
air 

Type 

Power 

LSM 

Peak Power 

350. 74/356. 42 

Kr 

0. 05W 



351. 11/363. 79 

Ar 

? 



457.94 

Ar 

0. 5 W 



476.24 

Kr 

0. 2 W 



476.49 

Ar 

0. 8 W 

/ 


487. 99 

Ar 

2. 1 W 

~0. 01 nm 

0.7 W 

496. 51 

Ar 

0.8 W 

y 


501. 72 

Ar 

0. 3 W 

0. 005 nm 

0. 1 W 

514. 53 

Ar 

2. 3 W 

~0. 01 nm 

0.7 W 

520. 83 

Kr 

0.2 W 

/ 

0. 05W 

530. 87 

Kr 

0. 5 W 

0. 01 nm 

0. 2 W 

568. 19 

Kr 

0. 8 W 

— 0. 01 nm 

0. 3 W 

647. 10 

Kr 

1. 2 W 
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Signal processing electronics . - The preamplified photomultiplier pulses 
are brought to a single channel pulse height analyzer (Hamner Model N302) 
which is usually operated in integral mode to reject small pulses characteris- 
tic of noise. The accepted pulses are sent to a count rate meter which pro- 
vides an analog signal for an x-y recorder. They are also counted over preset 
time intervals and printed along with wavelength readings from the spectro- 
meter digital encoder. A punched paper tape representation of this printout 
is also provided in order to communicate data to a computer for subsequent 
manipulation and display. 

Vacuum and gas handling system . The 'purpose of this system is to pro- 
vide gases and gas mixtures for observation at the spectrometer. The system 
can be connected through a stainless steel bellows to a mounted scattering cell. 
In order to withstand corrosive gases, the system is constructed of 
stainless steel tubing and Hoke stainless steel valves, with stainless steel 
Swagelock fittings. Rough indication of gas pressure is provided by thermo- 
couple gauges, and accurate pressure readings are obtained using a combina- 
tion of Hg and silicone (Dow Corning 704) oil manometers. The system is 
evacuated by a Welch Duo Seal roughing pump and cold trap. It is necessary 
to provide a bypass on the cold trap in order to avoid condensing gases such 
as NO a and SO a in this trap. After long evacuation, the entire system will hold 
at < 10 mTorr for days with the pump and cold traps valved off, indicating 
that there are no significant leaks. 1 

Calibration . - Absolute and relative spectral calibrations of the spec- 
trometer-photomultipler system are obtained using GE 200W quartz-halogen 
projection lamps. These lamps, which are recommended by the Bureau of 
Standards as intense and stable secondary standards (ref. 32), were calibrated 
by Eppley Laboratory, Inc., and Optronic Laboratories, Inc. (one each). 

The absolute calibrations were checked by subsitution and found to be consistent 
within 10$. The lamps are mounted in a large (75 cm cube) black box with a 
small hole, through which one of them illuminates a diffuse scattering screen 
at a distance of several meters, as shown in Fig. 11. The scattering screen 
was constructed by flowing Eastman White Reflectance Paint (a suspension of 
BaSC >4 crystals) (ref. 33) onto a 1/2" thick aluminum plate. The area to be 
covered (9" square) was milled out to a depth of 1/16" and sandblasted. The 
barium sulphate coating was built up in several steps, with intervening slow 
(~ 1 day) drying in an enclosed space, and finally scraped with a sharped-edged 
glass plate back to a thickness of 1/16". Through a direct comparison of 
incident and scattered light, this screen was found to approximate a perfect 
Lambertian scatterer to within experimental error of 3$ at a scattering angle 
of 30°, with incident light normal to the screen, over the spectral range from 
450 nm to 500 nm, and separately, over the range from 500 nm to 650 nm. 
These spectral ranges were isolated using filters. 


50 



The light from the reference lamp is diffusely scattered by the screen 
and then passes through the scattering cell. Part of this light is focussed 
by the collection lens through the monochromator slit. A polarization filter 
near the lens (on the slit side) is inserted and rotated to determine the relative 
polarization response of the spectrometer. Sensitivity to second order dif- 
fraction (usually negligible) is evaluated by using a filter substitution technique. 

This calibration technique provides the following important advantages: 

1 — The reference count rate and scattering/fluorescence count rate can 
be made approximately equal with convenient slit settings and reference lamp- 
to-screen distance. In our work visible light calibrations were obtained with 
the reference lamp placed at a distance of 3 to 4 meters from the scattering 
screen, and the slit settings used in reference measurements were typically 
300 pm xO.5 cm (entrance), 3000 pm (intermediate), and 300 pm (exit). 

These slit widths are sufficiently large to avoid significant diffraction and 
polarization effects. 

2. All of the light from the reference lamps collected by the lens and 
subsequently focussed through the entrance slit of the spectrometer must pass 
through the virtual image of the entrance slit within the scattering cell. 

Since the scattered light emanates from the same region, spatial variations 
in system response should not introduce significant calibration errors. 

3. The calibration of the system can be checked using the reference 
lamp during each measurement, even with the cell in place. 

Experiments With NO 2 

Nitrogen dioxide exhibits strong absorption through most of the visible 
and into the uv. At wavelengths longer than the first dissociation limit 
(~398 nm) the absorption spectrum consists of many discrete lines; however 
the distribution is so dense that the fine structure can be seen only at very 
low N0 2 pressures (< lm Torr). 

Laser-excited fluorescence from N0 2 has been studied by several groups, 
among which are: Sakurai and Broida (ref. 34); Sackett and Yardley (refs. 

35, 36, 37); Fouche, Herzenberg and Chang (ref. 11); and Stevens, Swagel, 
Wallace and Zare (ref. 38). Sakurai and Broida described the overall features 
of the fluorescence spectrum, measured low pressure absorption coefficients 
at a number of laser wavelengths, and identified an isolated absorption line 
within the 488 nm argon laser gain curve. These authors clearly demonstrated 
the strong advantage tuned laser fluorescence provides as a technique for un- 
ravelling complicated molecular spectra. 
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Sackett and Yardley carried out a detailed study of the time dependence 
of NO a fluorescence following pulsed excitation, as a function of incident light 
wavelength. Using a dye laser with narrow line (<0. 1 nm) output in the blue 
(440-490 nm) they observed non- exponential decay which showed definite vari- 
ations with excitation wavelength. In particular, for some excitation wave- 
lengths they observed a weak component with much shorter lifetime (~1. 25 psec) 
(ref. 36 ). This observation is relevant to the anomaly, as yet incompletely 
understood, which exists in N0 2 , S0 2 , and between the strength of absorp- 
tion and the predominant fluorescence lifetime (ref. 39 ). In NO a the latter is 
about 100 times longer than expected from the accepted theoretical relationship 
between these two quantities. Sackett and Yardley's results also suggest 
the possibility that there may be spectral regions where the fluorescence 
quenched by air is much stronger than observed so far. 

The theoretical contributions of Fouche, Herzenberg and Chang have been 
mentioned in Section II. Their experimental results include measurements 
of the absolute intensity of the line and continuum fluorescence components 
excited at several Argon laser wavelengths, and measurements of air quench- 
ing coefficients. These results will be discussed in more detail subsequently. 

Stevens, Swagel, Wallace and Zare report the characteristics of NO z 
fluorescence excited by a narrow band (0. 01 nm) pulsed dye laser operated 
in the spectral region from 593 . 4 to 594 . 0 nm, From the spectral, temporal 
and polarization characteristics of the fluorescence, they were able to draw 
important information regarding the electronic states and rotational transi- 
tions associated with absorption in this region. 

It is possible that NO a fluorescence can be used to measure its con- 
centration in the atmosphere. This possiblity holds particular interest be- 
cause N0 2 is an important primary pollutant, it is also a link in atmospheric 
photochemical chains producing more complex and more insidious pollutants, 
and as yet there are no well developed ways to measure it remotely in the 
atmosphere that appear to be fully satisfactory. The spectral distribution 
of re-emission trom a mixture of N0 2 , NO and N 2 at a total pressure near one 
atmosphere, excited by 488. 0 nm light, is shown in Fig. 12. Fluorescence 
from N0 2 contributes three fairly sharp "lines" and a broad continuum. The 
Raman scattering lines of NO and N 2 also appear, superimposed on the con- 
tinuum. It is apparent from this figure that even when strongly quenched, 

N0 2 fluorescence possesses detailed structure which can be used to identify 
its presence. On the other hand, both the line and continuum fluorescence 
can overlay Raman scattering from other gas constituents, contributing an 
undesirable background. Thus it becomes doubly important to know the strength 
of line and continuum components under conditions typical of those observed by 
atmospheric probing instruments. 
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Figure 12 Spectral distribution of re-emission from trace amounts of NO 
and NO a in N 2 at a total pressure of 740 torr. Line fluorescence from N0 2 
and Raman scattering from NO and N 2 are superimposed on wide band 
fluorescence from NO a . 


Figure 13 Typical spectral trace used 
to determine line and wide band 
fluorescence intensities from N 02 in 
air. The excitation wavelength is 
488. 0 nm. 


WAVELENGTH IN NM 



53 


In previous work we measured the intensity of these components relative 
to O 2 Raman scattering in air at pressures near one atmosphere. In these 
measurements care was taken to avoid errors introduced by the N0 2 /N 2 0 4 
equilibrium, which is quite sensitive to temperature, and by the tendancy of 
excited NC^ to migrate out of the focal volume before re-emitting light. The 
measurements were repeated using the DMF with various slit settings for 
this contract. The results of one of these measurements is shown in Fig. 13. 
The detailed spectral distribution of the Vi line at low pressure (< 1 Torr) 
is shown in Fig. 14. Measurements of depolarization in the geometry of Fig. 
10, obtained by rotating a polarization filter in front of the entrance slit, 
indicate that the depolarization of this line in air near STP is 1.0 ± 10$. 

Taking into account the spectral sensitivity variation of the spectrometer, the 
relative line widths and different polarizations, the results of Fig. 13 indicate 
that the N0 2 fluorescence intensity in the "line n is 110 ± 30 times stronger 
per molecule than Q-branch vibrational RS from 0 2 . This result applies for 
488. 0 nm excitation in air at 740 torr, in the right-angle scattering geometry 
of Fig. 10. In order to obtain an absolute result, we note that the correspond- 
ing 0 2 cross section has been measured in our laboratory to be (ref. 5) 

6.8 x 10“ 31 cm 2 / sr ±10# 

This value, for scattered light summed over polarization, is in good agree- 
ment with recent results obtained at two other laboratories. Thus we con- 
clude that the effective differential cross section for N0 2 line fluorescence 
under the conditions specified above is 

7.5 x 10 -29 cm 2 /sr ±35# 

or about 130 times enhanced over the N 2 vibrational RS. Because of the strong 
depolarization of the fluorescence under these conditions, it should be nearly 
isotropic. Therefore, the corresponding total cross section should be, to a 
good approximation, 4tt times the differential cross section, or 

9.4 x 10" 28 cm 2 

These results are in fairly good agreement with those obtained by Fouche, 
Herzenberg and Chang (ref. 11). This group measured the air- and self- 
quenching constants of N0 2 line (Vj and v 2 ) and continuum fluorescence, and 
the magnitude of these fluorescence components relative to N 2 vibrational 
Raman scattering at a N0 2 pressure of 1 torr. From their results we cal- 
culate that the effective NO z differential cross section for the line relative 
to the corresponding N 2 vibrational Raman cross section (for a trace of N0 2 
in air at 740 torr and excitation at 488 nm) is approximately 190. The equiv- 
alent ratio for the v 2 line (750 cm -1 ) is, from their data, 132 and for the 
continuum fluorescence in a lnmbandata shift of 720 cm -1 , 120. The agree- 
ment for absolute line intensities is reasonable but our results indicate a 
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Figure 14 Detailed spectral distribution of the NO 2 Vi-line fluorescence ex- 
cited by 488. 0 nm radiation. The spectral slit width for this measurement 
was triangular with 0. 15 nm full width at half maximum. 


continuum intensity about 6 times larger than theirs for a 1 nm band at 720 
cm' 1 under the conditions cited above. 

As long as air is the primary quenching species, the effective N0 2 cross 
sections should be inversely proportional to collision frequency with air 
molecules. It is interesting to note that at an altitude of 30 km, where the 
collision frequency is reduced to about 1$ of its sea level value (~10 10 sec -1 ) 
the effective cross sections for line re -emission from N0 2 should be en- 
hanced by about 10 4 over the N 2 vibrational Raman cross section. 

Experiments With Iodine Vapor 

The vapors of halogens such as I 2 , Br 2 , and Cl 2 exhibit absorption in the 
visible, arising from 3 ISo + * -1 S + electronic transitions. The dissociation 
limits for these transitions are in the blue -green spectral region. Upon ex- 
citation at wavelengths longer than the dissociation limit, fluorescence has 
been observed, whereas at shorter wavelengths, the re-emission is charac- 
teristic of scattering (ref. 4). 
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Iodine and Bromine vapors are convenient subjects for studies of absorp- 
tion and consequent scattering/fluorescence because they are relatively safe 
to work with, they are chemically compatible with glass, their vapor pressure 
is sufficient for many experiments at room temperature, and the distribution 
of their absorption lines is sufficiently dense so that one and often several 
absorption lines are found within the gain curves of many argon and krypton 
laser lines. 

Our experimental studies have involved only I 2 . Although this molecule 
seems to have a somewhat greater density of lines than N0 2 , individual lines 
are easily resolved in absorption in I 2 . For example, the absorption of I 2 
within the 514. 5 nm gain curve shown in Fig. 15 indicates the presence of four 
apparent lines within and on the edge of the gain curve. (Actually, some of 
these lines result from multiple transitions in near coincidence. ) These lines 
remain resolved at the highest observed I 2 vapor pressure, 2. 3 Torr. The 
situation in N0 2 is notably different. Sakurai and Broida (ref. 34) observed 
the presence of an isolated NC^ line within the 488. 0 nm gain curve and ob- 
tained some information about its shape by observing the transmitted light 
through a Fabry Perot interferometer. We have also observed this line using 
the method of tuned laser fluorescence. Our observations, which were quali- 
tative in nature, indicate that this line has a width on the order of 0. 002 nm 
FWHM at very low N0 2 pressure. However at pressures of a few mTorr the 
fluroescence intensity displayed little variations as the laser was tuned over 
the width (0. 01 nm) of the gain curve. Thus we are led to suspect that N0 2 
has an anomalously large self -broadening cross section, and in consequence, 
observation of its absorption line structure in the visible requires very low 
pressure, and long path length measurements. The contrasting ability to 
isolate individual strong lines in the I 2 spectrum is an advantage for studies 
of tuned laser fluorescence and the approach to resonance. Our work with 
I 2 has included the following experiments, of which the last two have been 
supported on this contract: 

Measurement of absorption within the 514. 5 nm gain curve. - These 
measurements involved the argon laser, single -moded and tuned by tilted 
etalon. The results, shown in Fig. 15, were obtained to evaluate the use 
of an I 2 filter to block the exciting line in Brillouin spectroscopy. 

Measurements of re -emission intensity as a function of separation from 
resonance and background gas pressure . - The purpose of these experiments 
is to determine whether re -emission from I 2 excited slightly (~0. 005 nm) off 
resonance is characteristic of scattering or fluorescence. The determina- 
tion involved repetition and extension of the experiments of Fouche and Chang 
(ref. 13). Our conclusion is that the re -emission shows nearly counter- 
balancing effects of line broadening and quenching. The theoretical analysis 
of these effects in Section II accounts satisfactorily for the relatively weak 
dependence of re-emission intensity on background gas pressure observed 
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OF ABSORPTION LINE 


Figure 15 Absorption of I 2 vapor as a function of laser wavelength within 
the 514. 5 nm gain curve of an Ar laser. The laser is single-moded and 
tuned by a tilted etalon, with wavelength monitored by a Fabry- Perot inter- 
ferometer. Laser power into cell was 10 mW and laser linewidth < 0. 0001 
nm (0. 001A). The I 2 vapor pressures correspond to the indicated cold- 
finger temperatures. 



Figure 16 Antistokes fluorescence from iodine excited on a line within the 
514. 5 nm Ar laser gain curve. The two main peaks emanate from the 
originally excited I 2 state, while the satellite (collision) peaks result from 
energy exchanges in collisions associated with ±2 changes in rotational 
angular momentum quantum number. 
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by Fouche and Chang, and by St. Peters et al . , (ref. 14). Because collision 
effects are still significant and particularly evident in the spectral fine 
structure of the re-emission at the largest separations from resonance in- 
volved in these experiments, we believe that the re -emission is more 
accurately described as fluorescence than as scattering. 

Measurement of collision to main peak intensities as a function of 
separation from resonance . - This experiment was undertaken to determine 
if collision rates depend on separation from resonance. The antistokes 
fluorescence spectrum of I 2 excited within the 514. 5 gain curve is shown in 
Fig. 16. The main peaks form the strong doublet resulting from direct re- 
emission from the excited state, whereas the smaller peaks result from 
collisions imparting a change in angular momentum in units of A J = ±2 before 
re-emission. Theoretical results for the time dependence of re-emission 
led us to speculate that as the incident light is tuned away from resonance with 
the transition producing this spectrum, at some point the change from 
fluorescence to scattering should begin, evidenced in this case by a reduction 
in the collision to main peak intensity ratio. The results obtained upon tuning 
beyond several Doppler widths is shown in Fig. 17, for the case of one 
resonance line within the Kr ion laser gain curve at 568. 2 nm. It is evident 
that the effect described above was not observed. In the case of another 
resonance line near one edge of the 514. 5 nm gain curve, we were able to 
observe the collision to main peak ratio out to more than 1. 4 GHz from the 
resonance center on one side, which is about 3 times the Doppler width. 

While the two peak intensities decreased by a factor of nearly 10 4 , their 
ratio again remained constant to within a small experimental error. 

There are several plausible explanations for the failure to observe the on- 
set of a change from fluorescence to scattering. Among these are: 

1. The speculations drawn from the classical theory are wrong. In 
particular, there may be quantum mechanical effects which are 
important even to the qualitative nature of the phenomenon as observed 
in these experiments. 

2. These may be significant inhomogeneous broadening, other than 

Doppler broadening, which extends to the wings of the absorption line. 
In this case, the molecules responsible for most of the re-emission 
can be those momentarily shifted into resonance by the fields of near 
neighbors. * 

With respect to the first point, two of our group (S. D. Silverstein and 
R. L. St. Peters) have developed a quantum mechanical calculation which 
suggests that a constant collision-to-main peak ratio may not be unexpected 
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even in the absence of inhomogeneous broadening. This calculation, however, 
involves some subtle points which have not yet been adequately resolved. 

Whatever the case, the persistence of the collision peaks is strong evi- 
dence that this re-emission is fluorescence rather than scattering, as those 
terms are defined by Holzer, Murphy and Bernstein (ref. 4), and as defined 
within this report. 

Measurements of depolarization of re-emission excited above and below 
the dissociation limit . - These experiments were conducted to verify the 
theoretical calculations of depolarization discussed in Section II. The experi- 
mental conditions and results have already been described in that section. 

Measurement of the Ozone Cross Section 
at Visible Light Wavelengths 

The cross section for 0 3 vibrational Raman scattering (vx - 1110 cm -1 ) 
was measured for this contract in order to establish a benchmark for cor- 
responding UV measurements. The ozone was generated in a flowing stream 
of 0 2 by photo- dissociation; using a low pressure Hg discharge lamp specially 
designed to maximize output at the 184. 7 nm line relative to the 2 53. 7 nm 
line. The lamp was enclosed in a 15 cm I. D. pyrex pipe with aluminum end 
plates and Teflon polymer gaskets. Oxygen pressure and flow rate were 
measured with suitable precision instruments. The O 2 /O 3 mixture was 
transported through 3/8" I.D. Tygon tubing to the first of two Spectrocil 
quartz cells (Markson cells, 5 cm long, 2 cm I.D. , with two ports) where 
0 3 concentration was measured by transmission of 2 53. 7 nm radiation from 
a low pressure Hg lamp. Parallel interference and monochromator filters 
were used to ensure that only 253. 7 nm was observed. The slow decay of 0 3 
in the cell (~25$ in 10 minutes) under non-flowing conditions indicated that 
the 253. 7 nm radiation level used for concentration measurements was not 
sufficient to significantly alter the 0 3 concentration at the flow rates employed. 
(The 253. 7 absorption in 0 3 is dissociative. ) Ozone concentrations were 
calculated using well established absorption coefficients (ref. 19). These 
measurements indicated that the 0 3 generator is a stable source providing 0 3 
concentrations which can be controlled easily by varying the flow rate . The 
concentration obtained at an 0 2 flow rate of 400 cm 3 / min is 3. 2 torr 0 3 in 740 
torr 0 2 . 


The second quartz cell was connected to the first cell by 7 5 cm of 0. 95 
cm (3/8") Tygon tubing. This cell was used for the scattering measurements. 
The cells were switched with tubing connections unchanged to determine if 
the 0 3 concentration was significantly changed while flowing through the Tygon 
tubing. After flow at 400 cm 3 / min and 0 3 generation had been established for 
one hour, the concentration in the second cell stabilized at 95$ of that in the 
first cell. 
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The gas mixture exiting the second cell was passed through Linde Type 
13X Molecular Sieve to convert 0 3 back to 0 2 , and then exhausted into a 
vacuum system through a metering valve. 

The scattering intensity of 0 3 was measured relative to that of O 2 in the 
standard 90° geometry illustrated in Fig. 10. Depolarization of the 0 3 scat- 
tering was found to be less than 20$. The techniques used in these measure- 
ments have been described in detail in a previous publication (ref. 40). With 
a 0. 5 nm FWHM semirectangular slit function, we found that the ratio of 0 3 to Og 
vibrational Raman scatterings at shifts of 1110 Land 1557 cm' 1 , respectively, 
is 1. 96 for 514. 5 nm excitation and 2. 05 for 488. 0 nm excitation. The esti- 
mated error in these measurements is ±20$. The predominant sources of 
uncertainty are the concentration and scattering count rate determinations. 
Using our previously measured value for the 0 2 Raman scattering cross 
section, we calculate for the absolute 0 3 vibrational cross section a value of 
1. 01 x 10" 30 cm 2 / sr ± 25$, at 514. 5 nm, for the scattering geometry of Fig. 10. 


Fouche and Chang (ref. 41) have reported the 0 3 /N 2 vibration cross 
section ratio to be 4. 0. In another publication (ref. 42) they report the cor- 
responding 0 2 /N 2 ratio to be 1.2, which is in agreement with our result. 

Thus their results lead to the moderately larger value of 3. 3 for the 0 3 /0 2 
vibrational RS cross section ratio at 514. 5 nm. 

Spectrometer-Dye Laser Facility 

The Spectrometer-Dye Laser Facility (SDLF) includes a Spex 3/4 meter 
spectrometer/ monochromator and a pulsed dye laser whose output can be 
doubled, producing incident light over the wavelength range from 230-760 nm. 
The dye laser, which is pumped by an AVCO Model C950 pulsed N 2 laser, 
provides pulses with spectral width of 0.005 nm and time width of 5 nsec. , at a 
rate of 100 pps. The average power in the visible is lOmW, and in the uv 
(doubled), 10-100 uW. Photomultipliers and pulse -counting and timing data 
analysis are incorporated into this facility, which provides time resolution 
of 6 nsec. Concurrently, the monochromator provides spectral analysis of 
re-emitted (or incident) light to 0. 02 nm. A Fabry- Perot etalon is used to 
monitor the dye laser output to higher resolution. The system configuration 
is illustrated in Fig. 18. A detailed description of components of the system 
follows. 

Dye laser. - The dye laser is pumped by a pulsed N 2 laser; its configu- 
ration is similar to that described by Hansch (ref. 43). The pulsed N 2 pump 
laser emits pulses of 100 KW peak power at 337. 1 nm, and has an average 
power of 100 mW when operated at its maximum repitition rate of 100 pps. 
This beam, which is rectangular in cross section with < 2 mr divergence in 
the short dimension and < 30 mr divergence in the long dimension, is brought 
to a near focus just inside the surface of a flowing dye cell with an optical 
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Figure 18 Tunable dye laser and optics for scattering 
experiments. 
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grade fused quartz lens of 5" focal length (FL) and 3" diameter. The focal 
region is a narrow line about 1 cm long and about 0. 3 mm high. Most of 
the N 2 laser beam energy is absorbed within a fraction of a mm just inside 
the dye cell. The concentration of the dye is set high (about 5 x 10 -3 M 
for rhodamine 6G) to produce strong absorption and a narrow rectangular 
active volume. 

A detail of the flowing dye cell is shown in Fig. 19. The cell was con- 
structed by fusing two fused quartz tubes together as shown in the side view 
cross section. Quarter inch fused quartz tubing was then attached to the 
outer cylinder at the angles shown to produce a smooth flow at the input and 
output connections. The cell was then cut at an angle of 8° to 12° as shown 
in the top view of Fig. 19. Good optical quality windows purchased from 
Lambda Optics, antireflection (AR) coated with a broadband multilayer coat- 
ing on one surface by Broomer Research Corp. , were then carefully epoxied 
on the sides of the 1" diameter tube with the coated surfaces to the outside. 
Care was taken to avoid blocking the optical path just inside the quartz tube 
wall with the cementing epoxy. Epoxy was also placed on the inner tube to 
seal the chamber from the dye solution. The 8° to 12° angle prevents re- 
flection from the windows from being amplified along with the laser beam to 
significant proportions by the extremely high gain active volume. A 
pump with a maximum flow rate of 6. 3 gal. per minute at 5 psi, speed 
controlled by a variable voltage transformer, is used to circulate the dye sol- 
ution through the cell. The dye cell was rigidly mounted on a Brinkman model 
MP-ll/R micromanipulator that allows 3-D translational positioning of the 
cell with respect to the dye laser optics while the system is operating. 

The tuning component of the dye laser is a 58 x 58 mm, 300 t/mm 
echelle grating blazed at 61°. This grating is mounted on an Aerotech Model 
ATS-301R rotational stage. The Aerotech stage has positioning resolution 
of 0. 1 arc sec when using the fine adjust differential screw. An Aerotech 
ATS- 30 ID digital stepping motor and readout is used to rotate the grating. 
Since the differential screw on the rotational mount moves in and out, the 
stepping motor used to drive the screw had to be mounted on a translational 
stage that was free to move back and forth with the linear motion of the dif- 
ferential screw. A ceramic insulated coupler was used to couple the stepping 
motor shaft with the differential screw shaft. The ceramic coupler provides 
thermal isolation between the stepping motor and the echelle grating. The 
grating can be slewed at a fixed rate or stepped manually with the Aerotech 
drive unit or can be stepped at a present constant rate from an external 
Wavetek model 115 VCG generator. The direction of rotation can also be 
controlled externally. A digital readout is provided by the Aerotech drive 
unit and serves as a reference for positioning the grating. 
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Figure 19 Flowing dye cell for N 2 Laser -Pumped Dye Laser. 


To fully utilize the 58x58 mm grating a beam expander is used to expand 
the cross section of the light beam emitted from the thin lineal active region 
by a multiple of 51 times. This is accomplished with a 3. 9 mm FL by 1. 1 
mm dia. input lens and a 200 mm FL by 50 mm dia. output lens. The lenses 
are near diffraction limited and AH coated for high transmissivity in the 
visible spectrum. 

On the opposite side of the optically excited dye region is a parallel 
plate polarizer that consists of 10 cover glass slides placed at Brewster's 
angle and mounted in a rotatable mount that allows the linear polarization 
of the laser to be set at any desired angle about the laser beam. One surface 
of a 2" dia. glass plate that is slightly wedged and mounted in a Lansing AOD 
mount is used as the output reflector. The single surface reflector gives a 4# 
reflection and is quite adequate for the high gain achieved by the rhodamine 
6G dye. The echelle grating and rotational mount, the beam expander, the 
parallel plate polarizer, and the output reflector are mounted on a 6" x 36” 
invar surface plate for good temperature stability. 
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The N 2 laser -pumped -dye laser system operates in the manner of a 
high gain two pass amplifier, rather than as a typical laser which builds up 
cavity radiation modes by amplifing multiple reflections between resonating 
reflectors (ref. 43). The oscillation is limited to the two passes made by the 
short (10 nsec) pump pulse, and the round trip transit time of the laser 
cavity. The small lineal active volume, which has a gain of about 10 3 , 
amplifies the spontaneous emission, producing an observable amount of 
superradiance along its axis. The 4$ of the superradiance which is reflected 
by the output mirror is reamplified 10 3 times when passing back through the 
active region. This signal is then expanded 51 times to fill the echelle 
grating. The retroreflected light from the grating is angularly dispersed and 
only a small fraction of the original light, that lying in a narrow angular (and 
therefore narrow spectral) range is recollimated by the beam expander and 
sent through the active region for its second amplification and passage through 
the output reflector. A 4 mm diameter aperture, placed after the output re- 
flector, passes the laser beam and blocks^most of the unwanted light which 
originates from the initial superradiance and from reflections off window 
and lens surfaces. 

The spectral width of this system is determined entirely by the angular 
dispersion of the grating and beam expander combination and is limited, of 
course, by the maximum resolution of the exposed grating surface which in 
our case would be about 4xl0 -3 nm at 600 nm. 

Laser performance characteristics . - The maximum average power 
obtained with the N 2 laser-pumped-dye laser using a 5 x 10" 3 concentration 
of rhodamine 6G, was a little better than 10 mw as measured with a Coherent 
Radiation Model 205 thermopile. For this power level a Bausch and Lomb 
1200 gr/mm grating was used in first order in place of the 300 gr/mm echelle 
grating and there was no polarizer in the laser. In this instance the emission 
linewidth integrated over several hundred laser pulses was about 4 x 10 -2 nm, 
as estimated from Fabry-Perot interferograms. When the echelle grating 
was used (10th order) and the' parallel plate polarizer placed in the laser 
cavity, the average power dropped to the 3 mw range. However, with this 
grating, the laser linewidth is about 5 x 10 ~ 3 nm, which is near the theoretical 
limit for the number of grooves exposed. 

If the 4 $ output reflector is replaced with an uncoated fused quartz etalon 
of 14. 7 mm thickness (FSR - 8. 4 x 10" 3 nm), the laser emission width narrows 
further to about 2 to 3 x 10“ 3 nm. With the etalon output reflector, however, 
the spectral output appears to "mode hop" as the laser is tuned by rotating 
the grating. Sometimes two laser emission lines appear at a separation 
corresponding to the free spectral range (FSR) of the etalon resonant reflec- 
tor (8 x 10“ 3 nm). In some instances the "mode hopping" of the laser pro- 
duces a 30$ periodic variation of the laser output when the laser wavelength 
is continuously scanned. With the 4$ output reflector, though, a single laser 
wavelength could be continuously scanned with no alteration of the output power. 
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The N 2 laser-pumped-dye laser has also been operated with the dye 4 
methylumbelliferone (4-mu) in perchloric acid and ethanol solution (ref. 44). 
This dye forms a strong lasing exciplex (4 mu) H 4 " in the acidic solution and 
lases from 460 nm to 560 nm depending on the perchloric acid concentration. 
The optimum concentration for laser output in ethanol is from 10“ 2 to 1. 5 x 
10“ 2 M of 4 mu and 1 to 3 M of perchloric acid with the 1 M perchloric acid 
concentration optimum for the green wavelengths and the 3M acid concentra- 
tion for the blue-violet wavelengths. Typical average output power of 5 mw 
were achieved with the 1200 gr/mm grating in first order. 

The angular divergence of the dye laser beam with the R6G dye was 
estimated to be 1. 2 mrad (half angle) for the central bright spot. This 
divergence allows one to estimate the diameter of the active volume as 0. 25 
mm for a diffraction-limited wave. The 4 mu dye laser beam cross section, 
however, was an elongated ellipse and estimations of the half angle divergence 
gave 1 mrad for the vertical direction and about 12 mrad for the horizontal 
direction. The larger divergence in the horizontal direction indicates that 
the N 2 laser pumping radiation is absorbed within a depth of about 30 pm in 
the dye cell. 

Second harmonic conversion. - A right angle dielectric reflector, coated 
for maximum reflectivity in the yellow-orange part of the spectrum, directs 
the dye laser beam through a 10 cm FL lens that brings the laser beam to a 
focus inside a 20 mm cube, ADP crystal whose z axis is oriented at 62° for 
frequency doubling at 590 nm. The ADP crystal is mounted in a Lansing AOD 
mount and by angulating the crystal relative to the laser beam the doubling 
frequency can be angle tuned a few tens of nm about the center wave- 
length of 590 nm. A calibrated Corning CS 7-54 filter is used immediately 
after the ADP crystal to completely block the visible laser beam and pass 
about 85$ of the second harmonic. 

A 5$ conversion efficiency in frequency doubling to the uv is easily ac- 
complished with the ADP crystal. After the losses of the filter and re- 
flections losses from lenses and a right angle reflector are sustained, we 
easily achieve 100 pW average power at the scattering cell with 5 x 10" 3 nm 
linewidths. The uv laser power is monitored using a slightly wedged quartz 
disk as a single surface reflector to direct 4$ of the beam toward a diffuse 
(BaS0 4 ) scattering surface (cf. Fig. 18). A known solid angle of the scat- 
tered laser light is then detected by a calibrated ITT S-5 vacuum photodiode. 
The pulse energy is found to vary by 20 to 30$ from laser shot to shot. 
However, the average power varies by no more than about ±3$ from a mean 
value over a second or two of averaging. The large shot to shot variation 
in the laser pulse energy is probably due to thermo-optic distortions 
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created by hydrodynamic instabilities in the fluid flow through the active 
region of the dye cell. These effects average out, however, over several 
hundred laser shots. 

Two other crystals were used for second harmonic generation of the 
visible dye laser light. A KDP (potassium dyhydrogen phosphate) crystal 
was purchased from Quantum Technology, Ltd. This crystal was 45° z cut for 
90° (noncritical) phase matching near 595 nm at room temperature. The 90° 
phase matching angle can be temperature tuned to about 602 nm by heating the 
crystal to 100°C. With noncritical phase matching the SHG efficiencies should 
be greater than for critical phase matching (i. e. , angle tuning) since there is 
no Poynting vector walk-off for the noncritical matching case. Using a 5. 5 
cm F. L. lens to focus the 10 mW dye laser beam into the KDP crystal, uv 
light was generated when the laser wavelength was set on the proper phase 
matching wavelength for room temperature. The KDP crystal temporarily 
generated about 100 pW of UV power but quickly damaged with the generation 
of an inclusion in the crystal where the laser beam was focussed. In this 
instance the laser power density was clearly above damage threshold of the 
crystal. Estimates of the laser peak power density with the 5. 5 cm F. L. 
lens give over 500 Mw/cm 2 , a value that can damage most crystals. 

The third crystal used for SHG was lithium formate monohydrate (LFM). 
This crystal was first used by Singh et al . (ref. 45) for frequency doubling 
the 1. 06p Nd lasers. Lithium format is of interest to us because it can be 
angle matched down to its absorption band edge near 230 nm. Our 1 cm 3 
LFM crystal was purchased from Isomet and was protected from dehydration 
by immersion in a Dow -Corning silicone fluid and placed in a sealed container 
with an AR coated window for the visible input laser beam and a fused quartz 
output window for the SHG beam. The crystal was cut at 43° to the z-axis 
to allow angle phase matching at 27 5 nm with the laser beam at normal 
incidence to the crystal faces. Table II shows the results of our SHG v 

measurements with LFM from second harmonic wavelengths of 2 50 nm 
to 230 nm. The measured phase matching angles (0p meas. ) agree quite well 
with our computed values (0p comp) that were made from a projection of 
Singh's data in the ir and visible spectrum. The LFM crystal, however, was 
damaged by the optical radiation at all the above listed second harmonic 
wavelengths. It was found, for example, that at 250 nm the output power 
of the SHG radiation fell 5 to 10$ after 10 min. of operation and a small white 
cloudy scattering center developed at the position of the laser beam focus in 
the crystal. This situation became more severe as we proceeded to the shorter 
wavelengths. The absorption of the uv radiation by the crystal becomes larger 
and this in turn causes a local temperature rise at the focus of the laser beam 
in the crystal that can become large enough to dehydrate the crystal and pro- 
duce the white cloudy inclusions observed in the crystal. If the damage is 
thermo-optic as just described then the crystal or laser beam could be rotated 
to avoid overheating and consequent damage. 
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TABLE II 


2» (nm) 

9 meas. 
P 

0 comp. 
P 

SHG Conversion Efficiency With 
10 cm FL lens 8 cm FL lens 

250 

40.6° 

39° 

3. 1 $ 

2. 0$ 

245 

39.8° 

38.5° 

2.3 $ 

1 . 9$ 

240 

38.9° 

37. 5° 

2. 3$ 

1. 3$ 

235 

37.9°. 

36.7° 

1 . 7$ . 

0. 9.$ 

230 

36.3° 

35.6° 

— 

o 

CO 


Spectrometer and Related Optics 

The horizontally polarized UV beam generated by the ADP crystal passes 
through a 150 nm FL lens, and is then redirected vertically upward by a 
right angle, prism. The beam is brought to a focus at the center of a 5 cm dia. 
by 2 cm wide cylindrical scattering cell (cf. Fig. 18). The focus of the UV 
beam is centered 20 cm away from the entrance slit of the Spex model 1800, 
3/4 meter, f 7. 5 monochromator. A 50 mm FL quartz lens, held in trans- 
latable mounts and placed between the scattering cell and the monochromator 
slits, collects the light scattered at right angles from the laser beam, 
making a 1:1 image of the laser beam on the entrance slit of the monochro- 
mator. A crystal quartz polarization scrambler is placed ahead of the 
entrance slit to eliminate any polarization sensitivity of the monochromator 
to the incident light to be analyzed. The Spex monochromator has a 1200 
gr/mm grating blazed at 300.0 nm and is used in first order. The resolution of 
the monochromator in first order is about 0. 02 nm. 


The wavelength of the monochromator was calibrated at seven different 
points in the uv using a low pressure Hg arc placed so as to illuminate the 
entire entrance slit and grating of the monochromator. The relative spectral 
response of the monochromator from 2 50 to 400 nm was also measured using 
a calibrated 200 watt GE quartz iodine lamp and a calibrated 6 1/2" square 
Corning CS 7-54 filter. The purpose of the filter is to reduce visible light 
from the source, which otherwise scatters within the spectrometer, causing 
a high background. Remnant background from visible light, plus the dark 
count, was evaluated using a Corning CS 0-54 filter which transmits light 
only at wavelengths longer than those of interest. The standard lamp 
illuminates a diffuse scattering surface constructed of Eastman high reflect- 
ance paint which is placed in front of the monochromator along the optic 
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axis of the collecting lens. The single photon photomultiplier pulses were 
counted in a specified time interval at many different wavelengths for the 
calibration. Signal linearity was checked by using uv calibrated neutral 
density filters. 


Detection and Time-Analyzing Electronics 

Figure 20 shows a schematic of the detection system used for either a 
spectral analysis or a time analysis of the scattered light. The output of the 
monochromator is sent to a EMI 9635 QAM Photomultiplier (PM) specially 
selected for low dark noise. The PM is mounted in a Products for Research 
TE 200 housing that is mounted at the exit slit of the monochromator. The 
light levels required for this system must be low enough so that we obtain 
either one or no detected photons for each laser pulse. Each detected photon 
pulse is amplified by a Kiethley Model 109, 50 Q input, 20 db pulse amplifier 
that is placed at the output of the PM housing. The amplified pulses then go 
to an Ortec Model 463 constant fraction discriminator (CFD). The single 
photon pulses from the amplifier were monitored at the input of the CFD with 
an oscilloscope and found to vary in pulse height from about -50mV to -300mV 
with pulse widths of about 2 5 ns. The electrical noise pick up from the N 2 
laser, on the other hand, was only a ±6mV signal. The CFD, which has a 
minimum input level of -50mV and therefore will not trigger on the electrical 
noise, is triggered to give an output pulse at a constant fraction of the input 
pulse height rather than at a constant input level. Triggering on a constant 
fraction of the pulse height substantially reduces the timing error (walk) that 
is caused by the varying single photon pulse heights generated by the PM. 

The output pulse from the CFD is sent to the stop input of an Ortec Model 
437 A time to pulse height converter (THC). 

Initially, a Berkley 903 double pulse generator sends out two triggering 
pulses whose relative separation in time is adjustable. One pulse initiates 
the N 2 laser and the other pulse is sent to the start input of the THC. At a 
later time, determined by the time interval set on the double pulse generator, 
the delay in the triggering electronics, and the time response of the scatter- 
ing species, the detected photon signal from the CFD may enter the stop 
input of the THC. If this pulse is within the time window viewed by the THC, 
it generates a pulse output from 0 to 10V whose height is proportional to the 
time interval between the start and stop input signals. The output of the THC 
is coupled to a Northern Scientific NS-710 pulse height analyzer (PHA). After 
several thousand laser pulses a time response of the scattering species is 
built up in the appropriate channels (or bins) of the PHA. 

By counting a small range of pulse heights from the THC the detection 
system effectively time gates and consequently discriminates against unwanted 
background pulses that occur randomly in time. The minimum full scale time 
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range over which the THC can be set to detect a PM signal is 50 ns. This 
range is divided up into 1024 channels in the PHA or 50 ps per channel. 

The output of the THC is also sent to a Tennelec TC 592P digital rate- 
meter which counts all the pulses from the THC regardless of height provided 
the lowest pulse height is set above the ratemeter threshold of 0. 15V. This 
situation can be easily obtained by adjusting the time separation of the two 
pulses from the double pulse generator to give THC output pulses that lie 
above the ratemeter threshold. In this mode the THC serves as a coincidence 
gate. The digital ratemeter has an analog output that drives one pen of a 
dual pen strip chart recorder. The other pen on the recorder is driven by 
the output of the Kiethley electrometer that monitors the laser power. By 
scanning the laser wavelength at a fixed monochromator wavelength or vice 
versa, the scattering signal can be recorded as a function of laser wavelength 
(or monochromator wavelength) along with the average laser output power. 

The THC and PHA were calibrated by using the two pulses from the 
double pulse generator to start and stop the THC. A dual beam oscilloscope 
monitored the start and stop input pulses. By setting the time interval be- 
tween the pulses from the double pulse generator to different positions we 
calibrated the PHA with respect to the oscilloscope time scale. 

By observing the number of PHA channels required for counting at fixed 
time interval of the double pulse generator, we could determine the jitter in 
the interval between the pulses to be 1 ns. This represents one limitation on 
the time resolution capabilities of our detection system. Figure 21 shows the 
results of data taken of the Rayleigh and Mie scattering from the laser beam 
in air. Each data point in Fig. 21 corresponds to a channel of the PHA. In 
this instance the THC range was set on 1 ps. Since there are 1024 channels 
covered by the 1 ps range the separation between each channel corresponds 
to about 1 nsec. Therefore, the half width of the pulse in Fig. 21 is about 
6 ns. This width represents the average of many laser pulse widths plus the 
jitter in the triggering electronics as discussed above and any jitter in the 
initiation of the laser action. Thus, the time resolution of the system is 
determined to be 6 nsec. 


Signal Counting Statistics 

The maximum pulse repitition rate of the dye laser is limited by that of 
the pump laser to 100 Hz. In our experiments we usually ran the laser at 
the slightly lower frequency of 94 Hz, which is set by the double pulse 
generator. In this case the maximum signal rate that can be indicated by the 
detection system is 94 Hz. However, the indicated count rate begins to 
deviate significantly from true count rate below 20 cps. This behavior 
reflects the probability that more than one photon will be detected during the 
THC "on" period, since the THC responds only to the first detected photon. 
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Figure 21 Time dependences of Rayleigh/Mie scattering 
as displayed by the multichannel analyzer. This re- 
sult indicates the time response of the system to an 
"instantaneous" process. 

The relationship between indicated count rate Cj and true count rate C,p 
can be determined from a simple statistical analysis, which yields 

C T' Rln (R^) 

where R is the laser pulse rate. The ratio C-p/Cj is plotted in Fig. 22. 
Experimental data presented subsequently are corrected by this factor 
whenever appropriate. 

Absolute N 2 Vibrational Raman Scattering 
Cross Section For Incident Light at 300. 0 nm 

This cross section for the vibrational RS from N 2 was measured using 
the SDLF in order to provide a standard against which to measure other cross 
sections (and effective cross sections). A typical RS signal from N 2 is shown 
in Fig. 23. The cross section value was obtained by measuring the ratio of 
Raman scattering to Rayleigh scattering at several different gas pressures 
(nominally 300, 500 and 700 Torr) and then multiplying this ratio, corrected 
for spectrometer response, by the theoretical value of the Rayleigh cross 
section, given by 

TH = 4-n 2 / n- 1 \ 2 

Ray " "xT\ N / 


Here n is the refractive index measured at a molecule number density of N. 

A small depolarization correction (ref. 18) is omitted in this equation. Using 
n-1 = 3. 13 x 10” 4 for N 2 at 300 nm and STP, obtained from the International 
Critical Tables (ref. 46), we calculate 

(300 nm) = 6. 60 x 10~ 27 cm 2 sr' 1 

Ray 


72 



(TRUE COUNT RATE) /( OBSERVED COUNT RATE) 



73 




The ratio CraM^RAY was measured on two separate occasions in the SDLF 
using wide slits and a technique very similar to that described in ref. 40. The 
resulting values for this ratio were 1.50 x 10 -3 and 1.44 x 10~ 3 . An average 
of these results yields 

a RAM (N2> = °- 97 x 10 " 29 cm2 / sr ± 25# 

This cross section is for the Q-branch vibrational RS from N 2 summed over 
scattered light polarization in the right angle scattering geometry of Fig. 10. 

It is interesting to note that a (I/X 2) 4 extrapolation of the value for the 
corresponding cross section measured at 514.5 nm (ref. 5) yields 
0. 463x10 29 cm 2 . Thus the measured value is about 2. 1 times larger than the 
extrapolated value. We believe that this weak enhancement is real. Indeed, 
the form of quantum mechanical expression for the cross section, Eq. (38), 
suggests that the cross section should increase faster than ( 1/ X 2 ) 4 over this 
wavelength interval because of the increased proximity to the strong vacuum 
UV resonances of N 2 , which begin near 140 nm. The Rayleigh cross section 
also increases faster than(l/X 2 ) 4 . because of the dispersion of the refractive 
index, but the increase in the Raman cross section is more pronounced. 

The 0 2 Vibrational Raman Cross Section 
for Incident Light at 300 nm 

We also measured the ratio of 0 2 to N 2 Q-branch vibrational cross 
sections for incident light at 300 nm. This result yielded 1. 59 ±20# for the 
ratio, up from 1.24 at 514.5 nm for the cross sections summed over polariza- 
tion. Thus the 0 2 cross section increases faster than the N 2 cross section, 
which seems reasonable since the strong 0 2 uv resonances begin at a longer 
wavelength (~230 nm). 

Laser-Excited Fluorescence from S0 2 

Sulphur dioxide exhibits relatively strong absorption between 260 and 320 
nm, and much weaker absorption at longer wavelengths around 380 nm. As 
part of the work supported by this contract, we have examined the re-emission 
from S0 2 following narrow band (.005 nm), pulsed (5nsec) excitation at 
various wavelengths near 300 nm. We have observed the low pressure 
fluorescence and phosphorescence spectra, and the sensitivity of features of 
this spectra to exciting wavelength, self quenching and quenching by N 2 and 
air. In particular, we have found excitation wavelengths when the fluorescence 
shifted by the vibration frequency is more than 10 4 times stronger in air 
near STP than vibrational Raman scattering from N 2 . This fluorescence 
appears as a sharp peak rising over background continuum radiation. The 
sensitivity of the integrated peak intensity is such that it varies irregularly 
over a factor of two as the laser is tuned over a range of about 0. 1 nm. 

These results are described in more detail below. 
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Low Pressure S0 2 Fluorescence 

The absorption spectra of S0 2 has been studied and analyzed to some 
extent by several investigators (refs. 20, 47-53). To our knowledge N. 
Metropolis (ref. 51) has given the most accurate vibrational analysis of the 
ground to first excited singlet state transition bands in the 260-320 nm 
region. There is still some disagreement (ref. 53), however, over his assign- 
ment of the vibrationless (0, 0, 0)"-(0, 0, 0)' transition at 337.6 nm. A. J. 

Merer (ref. 52) has given a rotational analysis of the much weaker band sys- 
tem at longer wavelengths around 380 nm and demonstrated that these bands 
derive from a singlet -triplet transition. 

The absorption spectrum of S0 2 near 300 nm has been shown in Fig. 9. 

The labeling of the bands A, B, C, . . . is due to Clements (ref. 47) who assigned 
these regularly spaced bands to a simple progression in the bending mode 
vibrational quantum v 2 . Metropolis, however, demonstrated that these bands 
are really a superposition of various higher combination bands which 
fortuitously create the appearance of a simple progression. The rotational 
substructure of these combination bands has not been analyzed to our knowl- 
edge. It is considerably complicated by the increased asymmetry of the 
molecule when excited to the first singlet state. Metropolis estimates a bond 
angle change from 120° to 100° when the molecule makes a transition to the 
first excited singlet state. The angle change is also accompanied by a change 
in the bond distances which eliminates the two-fold rotational symmetry that 
the molecule has in the ground electronic state. 

For the S0 2 fluorescence measurements the scattering cell was filled 
with anhydrous grade (99.98$) S0 2 at pressures of a few tens of mTorr. We 
tuned the laser, whose bandwidth was 0. 005 nm, through portions of the J, 

H, G, and F bands shown in Fig. 9 and examined the fluorescence output at 
the different laser wavelengths by scanning the monochromator from the laser 
wavelength out to longer wavelengths. In general the spectrum looked some- 
thing like that reported by Mettee (ref. 20) who used a much broader Hg 
emission lamp for an excitation source. In our case a large continuum 
fluorescence occurs which reaches a maximum at about 340 nm. Super- 
imposed on this continuum are many peaks whose positions relative to the 
exciting wavelength correspond to fundamental, overtone and combination 
tone vibrational levels in the ground electronic state. At certain laser wave- 
lengths, however, it was observed that the fluorescence peaks became much 
stronger than the continuum fluorescence. In addition, the fluorescence 
peaks exhibited a shorter decay time than the continuum fluorescence. A 
particularly strong fluorescence peak whose wavelength was Stokes shifted 
by the Vi symmetric mode vibrational frequency was observed at 299.98 nm ± 
0.04 nm, just to the short wavelength side of the peak of the G absorption 
band. This strong fluorescence peak is shown in Fig. 24 along with several 
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Figure 24 Fluorescen 
(corrected air wavele 




other smaller peaks corresponding to overtone levels of the v 2 bending mode, 
vibrational quantum and one peak that corresponds to a Vj + V2 combination 
tone level. The background between the peaks is mainly due to a continuum 
fluorescence emission. The actual background with no S0 2 in the scattering 
cell is considerably smaller than the continuum fluorescence. The spectrum 
for Fig. 24 was taken with about 10 mTorr of S0 2 in the scattering cell and 
50 pm monochromator slits. The overtone and combination tone structure 
continues further out to longer wavelengths not shown in Fig. 24 with another 
moderately strong peak at about 3v x (334. 7 nun). When the laser is tuned only 
0.08 nm away from the wavelength used for Fig. 24, the discrete spectrum 
falls off drastically leaving only a reduced peak. The continuum 
fluorescence remains at about the same level, however. This is shown in 
Fig. 25 where the laser wavelength was reduced to 299.90 nm. 

The sensitivity of the discrete fluorescence to incident wavelength can be 
further demonstrated by opening up the monochromator slits to obtain a 
semirectangular passband of 0. 55 nm and monitoring the entire fluorescence 
channel while tuning the laser wavelength over a small range of about 0. 12 
nm. A timed laser fluorescence spectrum of this sort from 1 Torr of S0 2 
is shown in Fig. 261 This data was obtained in the form of a histogram 
produced by the digital ratemeter counting for 10 sec intervals while the laser 
wavelength was swept at a rate of 1. 16 x 10" 4 nm/sec (i. e. , one angular step 
of the grating every 5 sec). To produce Fig. 2 6 the data was taken from the 
histogram trace with a graphical digitizing system and placed on magnetic tape. 
Then the data was corrected for single photon detection by a computer, as 
described in the previous section and traced out on a convenient size scale 
by a digital plotter. The absolute wavelength measurements should be good 
to within ±0. 04 nm. The laser wavelength timing per angular step of the laser 
grating was measured by stepping the grating 1000 steps with the digital drive 
and readout devices and taking the difference between two wavelength mea- 
surements before and after the 1000 steps. From this measurement it was 
determined that the tuning rate was 5. 8 x 10~ 4 nm per step. Since the 
accuracy of this measurement was only about 10$, the accuracy of the wave- 
length scale in Fig. 26 is only 10$ . The linearity of the scale is good to 
about 0. 1$ however. 

From Fig. 2 6 we see that the fluorescence into the Vi channel shows a 
good deal of fine structure when the laser is tuned over this region of the 
spectrum. Strong structure was also seen at other regions of the spectrum. 

For example, four strong peaks were observed when tuning the laser through 
a region of the J band near 296.08 nm and observing the fluorescence in the 
\>i + 2v 2 channel (217.6 cm -1 ) at 316.47 nm. A large part of the tuned laser 
fluorescence (TLF) spectrum, however, did not show a strong fine structure. 

It was felt that the TLF spectrum in Fig. 26 corresponds to absorption 
between certain rotational levels in the two electronic states of the SO3 
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LASER WAVELENGTH (nm) 

Figure 26 Tuned Laser Fluorescence (TLF) spectrum of S0 2 . The mono 
chromator slit function used to obtain this data is semi-rectangular with 
width 0. 55 nm, centered on the Vi fluorescence line. 


molecule. To verify this speculation Dr. R. J. Exton at NASA Langley 
Research Center has taken the absorption spectrum of SO 2 with a 2 m Czerny- 
Turner spectrometer in 3rd order with resolutions of 2. 3 x 10” 3 nm and 
4.6 x 10~ 3 nm in the same region of the G band. The absorption cell used 
was 305 cm long (one pass) and filled with 50 mTorr of SO 2 . A high pressure 
Hg lamp was used as the source light for the absorption measurements. 

Exton's absorption curves also show some structure in this region of the 
spectrum superimposed on a larger continuum absorption. In comparing the 
two sets of data, it was found that when the TLF curve was shifted by 
6. 8 x 10“ 2 nm, which could allow for wavelength measurement inaccuracies, 
there was striking correspondence between the peaks in the absorption curve 
and the peaks in the TLF curve. This correspondence is shown in Fig. 27 
where the TLF spectrum (upper trace) is compared with the 2. 3 x 10“ 3 nm 
resolution absorption spectrum (lower trace). It appears that the TLF 
spectrum shows with much greater contrast the structure in absorption 
which is superimposed on the continuum background absorption. The higher 
contrast in the TLF spectrum occurs because this measurement detects only 
the absorbed light that is emitted into the v x fluorescence channel while the 
absorption spectrum includes all the light that is absorbed at the particular 
wavelength and either emitted into a broad continuum and many fluorescence 
peaks or nonradiatively de -excited. 

Time Dependence of the Re-emission From SO 2 : - The time dependence 
of the v x -shifted re-emission was examined using the 6 nsec resolution 
capability of the SDLF. In particular we were searching for a fast re- 
emission component characteristic of scattering. At very low gas pressures 
( < 1 mTorr) a significant fraction of the excited S0 2 molecules can diffuse 
out of the volume viewed by the spectrometer entrance slits before re- 
emission. Thus we do not expect to observe the intrinsic lifetime of the SO 2 
re-emission. However, any anomolously fast component should have been 
detectable. None was observed in experiments at a number of different 
wavelengths. However, another interesting effect was observed. Super- 
imposed on the quasi-exponential decay following pulsed excitation at several 
wavelengths is a sinusoidal component which oscillates at a frequency of 
about 100 MHz. This feature is clearly visible in Fig. 28. It is possible that 
this effect is real, rather than an experimental artifact, because it is not 
observed at all excitation wavelengths, but it seems to be repeatable at 
certain wavelengths. The oscillation may arise from an exchange of excitation 
energy back and forth between the originally excited state and other states, 
perhaps in the triplet manifold responsible for the phosphorescence observed 
near 380 nm. A possibly analogous oscillatory exchange of energy occurs in 
the system of two coupled oscillators. Presently we are attempting a more 
detailed theoretical analysis of this possible effect in S0 2 , and simultaneously 
extending our experimental observations. 
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Figure 27 Comparison of TLF and absorption spectra, with variations 
adjusted to the same amplitude. The wavelength scale of the TLF spec- 
trums has been shifted from its original calibration to match the absorption 
spectrum obtained by Dr. R. J. Exton at NASA Langley Research Center. 
The TLF spectrum was obtained with a laser bandwidth of 0. 005 nm and 
monochromator bandwidth of 0. 55 nm, centered on the Vj line fluorescence. 
The absorption^spectrum was obtained with a slit function resolution of 
0. 0023 nm. 
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As the S0 2 pressure is increased from a few mTorr to 10 Torr, the 
fluorescence intensity integrated over time was observed to remain nearly 
constant. This result obtains because of the compensation between increased 
absorption and quenching discussed subsequently. However, the fluorescence 
decay time, which is governed by the radiative and non-radiative decay rates 
of the excited level from which the fluorescence originates, decreases 
steadily as the pressure increases. For pressures of S0 2 greater than about 
10 Torr the self quenching was observed to reduce the decay time to less than 
the 5 nsec laser pulse width. 

Self- Quenching in SP 2 . - H. D. Mettee (ref. 20) in his article on the 
luminescence from S0 2 vapor has shown, by producing Stern-Volmer plots 
for low pressures, that the principal decay mechanism of an isolated S0 2 
molecule excited to the first singlet state is by fluorescence and that any 
vibrational relaxation prior to emission is slight. In addition, Mettee con- 
cluded that electronic self quenching occurs at nearly every gas kinetic 
collision/with a cross section of - 188 nm 2 . 

Mettee's experiments employed relatively broad band non-laser excita- 
tion. In our narrow band self- quenching experiments, the scattering cell 
was pumped out to about 5 mTorr residual pressure through a stainless steel 
extension tube which runs from the scattering cell to a pumping and gas 
handling station. An Eck and Krebs valve of glass and Teflon polymer 
connects the scattering cell to a flexible stainless steel bellows which is 
connected to the extension tube. The flexible tubing allows the scattering 
cell to be translated in and out of the laser beam without disconnecting any 
of the tubing. The vacuum pump valve was closed and 10. 8 Torr of anhydrous 
grade S0 2 was admitted to the scattering cell and connecting tubing. The 
pressure was monitored with a Dow Corning 704 oil manometer. With the 
monochromator slits set on 50 pm, a 40 second count was taken at 310.71 nm 
on the Vi fluorescent peak and at 311.71 nm on the continuum fluorescence. 

The laser wavelength was set at 299.96 nm and the power incident on the 
scattering cell was about 66 pw. The laser power was measured with and 
without the scattering cell in the laser beam in order to determine the insertion 
loss of the cell and absorption of the S0 2 gas. The scattering cell was then 
pumped down to four successively lower pressures and the above procedure 
repeated. The absorption coefficient measured from the slope of the log 
plot from the data was 0.038 cm -1 Torr -1 . This agrees with Exton's high 
resolution absorption measurements and P. Warneck's published results 
(ref. 53) for the absorption of S0 2 at the 300. 0 nm wavelength. 

Figure 29 is a plot of our measurements of the fractional absorption 
divided by the self quenched fluorescence signal in the Vi channel for the 5 
different pressures. It is seen that the data is nearly linear with an inter- 
cept of zero; i. e. , it follows the usual Stern-Volmer dependence. In the 
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regime where the absorption is small the exponential factor l-e _a ^s is 
approximated by af,P s and the detected signal I s is nearly independent of 
pressure. In this case any increase in the fluorescence from an increase in 
gas density would be cancelled by a corresponding increase in self quenching. 

Quenching of SP 2 Fluorescence by Air . - Figure 30 shows a quenched 
fluorescence spectrum from S0 2 excited at 299.96 nm when 700 Torr of N 2 is 
added to one Torr of S0 2 . In this case the Vj fluorescence peak was reduced 
in amplitude by a factor of about 190 when the buffer gas was added. The N 2 
Raman signal can also be barely seen in Fig. 30 along with two other 
quenched fluorescence peaks shifted by the v 2 and v 3 vibrational quanta of S0 2 . 
Further out in the spectrum than shown in Fig. 30, in the 380-450 nm region, 
there are several phosphorescence bands whose intensities are almost as 
great as the partially quenched Vi fluorescence peak. Mettee has demon- 
strated that the phosphorescence levels are populated predominantly by 
collisions. The phosphorescence lifetimes were observed to be several 
microseconds long. When the room lights are turned out the faint blue 
phosphorescence emission from the laser beam in the scattering cell can 
also be observed visually. 

For the buffer gas quenching experiments the scattering cell was filled 
with S0 2 gas at a pressure between 1 and 10 Torr. The Eck and Krebs value 
at the cell was closed and the fill line and gas handling system pumped down 
to about 5 mTorr. The vacuum pump valve was then shut off and either N 2 
from a laboratory bottle or air from the laboratory at about 100 Torr was 
admitted into the scattering cell and fill line. The N 2 or air buffer gas 
pressure was monitored with a Hg manometer. The valve at the scattering 
cell was cracked open and the pressure of the buffer gas was reset to 100 
Torr. It was found by monitoring the fluorescence signal and the absorption 
of the laser beam through the scattering cell that the time required for the 
gas mixing was from between 5 and 10 min. After the buffer gas fill, the 
valve at the scattering cell was shut off and 15 to 20 min. was allowed before 
data was taken. Using 500 pm input and output slits on the monochromator, 
a 40 sec. count was taken on and off of the Vj fluorescence peak as described 
in the self quenching measurements. The power level of the laser was 
monitored and adjusted to keep the detected signal rate from saturating the 
photomultiplier. These measurements were repeated for several more in- 
crements of buffer gas pressure up to 700 Torr. Several measurements 
were taken with the N 2 buffer gas at 900 Torr. After the buffer gas quenching 
data was taken the cell was pumped out and flushed several times with N 2 . 

The N 2 Raman signal was then measured with 700 Torr of N 2 in the cell. 

A background signal was then measured by shifting the monochromator 
1.0 nm off of the Vi fluorescence wavelength. The data was then reduced by 
correcting the count rate for single photon counts as described earlier and 
then normalizing the count rates which were taken at different laser power 
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light of bandwidth 0. 005 nm at 299. 96 run. 




Figure 31 Intensity of Vj-line fluorescence from SQ* as a function of back- 
ground air pressure. The SOa fluorescence is excited by incident light of 
bandwidth 0. 005 nm at 299. 96 nm. The effective cross section for Vj- 
fluorescence, measured by comparison to N a vibrational Raman scattering, 
is shown in the figure. 
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levels to a common power level. The background count rate, which was only 
0. 2 Hz was then subtracted from the data. 

Figure 31 shows our results for quenching of the Vj fluorescence from 1 
Torr of SO 2 with the laboratory air as a buffer gas at five different pressures. 

This figure demonstrates quite clearly that the variations of the S0 2 
line intensity is quite small over the normal range of variation of atmospheric 
pressures. Also shown here is the effective differential cross section for 
fluorescence into the Vj line by SO 2 in 700 Torr for air pressure. This cross 
section was determined by comparison against N 2 vibrational Raman scatter- 
ing, using the previously measured absolute cross section for the latter at 
3 00 nm excitation. The result obtained is 

a (SOjj,^) ' = lx 10“ 25 cm 2 / sr ± 35$ 

where the error estimate derives partly from the uncertainty in the N 2 cross 
section (±2 5$) and partly from statistical uncertainty in the SO z and N 2 count 
rates in the comparison measurement. It is significant that the SC^ cross 
section is about four orders of magntidue stronger than that for N 2 excited 
300 nm. 

The results for air quenching of the S0 2 Vx line are displayed in terms 
of a Stern-Volmer plot in Fig. 32. As in the case of S0 2 self quenching, the 
linearity of this plot suggests that S0 2 absorption and subsequent fluorescence 
arises from a quasi-continuum. [See the discussion leading to Eq. (83)]. 

In order to determine the sensitivity of the Vj peak intensity to laser 
wavelength in the case of strong quenching, the spectrometer slits were 
again set to produce a wide (0. 5 nm) semi-rectangular slit function and the 
laser was set to scan a small range, The resulting signal is shown in Fig. 

33. Although this signal is quite a bit noisier than the corresponding low 
pressure result shown in Fig. 2 6, it is clear that there is some signal 
variation. From this and other results we estimate the variation to be on 
the order of ±30$ over the tuning range shown. 

In another experiment the monochromator wavelength was shifted to 
311. 71 nm, about 1 nm from the Vi peak, where the detected signal was from 
the continuum fluorescence. It was found that the continuum fluorescence at 
311. 71 nm also quenched at approximately the same rate as the Vj fluorescence 
peak. It was also found that quenching of 1 Torr of S0 2 with N 2 from a labor- 
atory bottle of nitrogen gave the same results as quenching with the laboratory 
air. In addition, using nitrogen pressures up to 900 Torr in the scattering 
cell, we found that the quenching was still defined by the linear Stern-Volmer 
plot as in Fig. 32. No evidence of a deviation suggestive of scattering (i. e. , 
an unquenched component of re-emission) was seen in any of these experiments. 
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AIR PRESSURE (TORR) 

Figure 32 Stern- Volmer plot of SO 2 quenching by air, 
derived from data shown in Fig. 31. 
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LASER WAVELENGTH nm 


Figure 33 Tuned laser fluorescence spectrum of 
SO 2 valine in air. 


A final point to be mentioned in this section is the polarization of the Vi 
fluorescence. The depolarization ratio p as defined previously was mea- 
sured using a uv»polarizer in the filter holder in front of the monochromator 
collecting lens. The depolarization ratio for the Vi fluorescence at one Torr 
of SO 2 was 0. 71. When 700 Torr of N a buffer gas was added to the scatter- 
ing cell the depolarization increased to unity. This increase in depolariza- 
tion is further evidence of the lack of a scattering signal (ref. 4). 
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IV. MODEL CALCULATIONS 


In this chapter we consider several examples of applications of the 
results obtained in this work. 


Ground Based Lower Atmosphere Probe 

The large quenched fluorescence cross section found for SO 2 opens the 
possibility for concentration measurements of this gas at low concentrations. 
Initially, we consider two potential applications: measurement of source 
levels and measurement of ambient levels in the lower atmosphere. 


A typical source of SO 2 is a smokestack whose effluent contains on the 
order of 100 ppm of S0 2 in nitrogen with other minor constituents. Suppose 
that the SO 2 concentration in the effluent is to be monitored from a distance 
of 200 meters by a LIDAR system transmitting light at a wavelength of 300 
nm. The number of detected photons per joule of transmitted energy is 
given by 


paLAeqT 

E X R 2 


( 88 ) 


where p is the number density of observed molecules, o is the differential 
cross section (area/steradian) for the observed re -emitted light, L is the 
path length from which re-emission is observed. A is the area over which 
returned light is collected, e is the optical efficiency, q is detector quantum 
efficiency, T is the two-way atmospheric transmission, E^ is the scattered 
light photon energy in joules and R is the range. We assume the following 
system parameters: 


p = 2. 7 x 10 15 cm 3 (100 ppm at STP) 

L = 3 m 

A = 1 m 2 

e = 10# 

q = 20# 

T = 50# 

E^ = 6 x 10 -19 J. 

R - 200 m 


Then, using the effective differential cross section found for the v x line of 
SO 2 excited by 300 nm (nominal) radiation in air at STP, 

a = 1. 0 x 10~ 25 cm 2 /sr 
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we obtain n = 3 x 10 4 detected photons/ joule. This strong response would 
allow even our 100 pW laboratory doubled dye laser to be used as a source 
monitor. According to the results of this calculation, it would provide 300 
counts from 100 ppm of SO2 in 100 seconds. 

SO2 sources of the type assumed above can also be monitored remotely 
by simple absorption (e. g. , against skylight) and by differential absorption 
of Rayleigh/ Mie scattering, the so-called DIAL technique (refs. 54,55). The 
1/e absorption length for 300 nm radiation in the assumed plume is about 4 meters. 
Thus, good contrast is available for these methods. 

On the other hand, the 1/e absorption length for a typical ambient air 
level of 10 ppb SO2 is about 40 km. In this situation, absorption techniques 
are much more difficult to apply. However, the fluorescence signal appears 
to be sufficiently strong to allow range-resolved measurements of S0 2 at 
these levels at reasonable expense. Consider an experiment where 10 ppb 
of S0 2 is observed by a LIDAR system with 100 meter resolution at 1 km. 

We assume that the experimental parameters are as described in the 
previous example, with the following exceptions: p = 10 ppb (STP), R = 1 km, 
and L = 100 meters. Then from Eq. (88) we find 

n = 4. 5 counts/ joule. 

^.This response is sufficiently strong to be observed in a practical instrument. 
We have pointed out previously that the decay time of the fluorescence re- 
emission from S0 2 in air near STP is sufficiently short («5 nsec) to allow 
high resolution time-of-flight ranging. It would be desirable to investigate 
the fluorescent return from S0 2 at slightly shorter wavelengths (say 27 0- 
280 nm) in order to take full advantage of the dark daytime background at 
wavelengths shorter than 300 nm caused by absorption of sunlight in the 
atmospheric ozone layer. Also, the influence of water vapor and temperature 
on the SO2 quenching needs to be investigated. However, the present results 
are favorable indications that a LIDAR system observing SO2 fluorescence 
can be used to monitor sources and ambient distribution of this gas in the 
lower atmosphere. Such a probe might be applied, for example, to map the 
SO2 distribution far downwind of a source. 

Ground-Based Upper Atmosphere Probe 

Sodium and potassium layers at altitudes near 80-100 km have already 
been probed successfully from the ground using dye lasers and fluorescence 
techniques (refs. 15, 16). In this section we consider the possibility of a 
ground-based, spatially resolved probe of the O3 layer at an altitude of 10- 
35 km. This application is important because the 0 3 layer forms the primary 
shield of solar middle UV from the ground, and because it is an important 
indicator of chemical chains and physical processes in the stratosphere. 
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The ozone layer provides many orders of magnitude absorption at 
wavelengths near 2 50 nm, falling off gradually toward 300 nm. In order to 
achieve range resolution we will assume that a transmission wavelength is 
chosen near 300 nm, such that there is approximately 25$ absorption 
through this layer. The number n of detected photons per joule of trans- 
mitted energy will be estimated from a slightly different procedure than 
used previously. This number can be calculated from the expression 


n^(0.25) (5/ 4TT > e p TA (89) 

E X R 

where in addition to the parameters defined previously, the factor (0.25) is 
the assumed absorption, § is the efficiency of re-emission into the observed 
wavelength range following absorption of a photon, and the factor 4tt arises 
from the (approximately) isotropic re-emission into 4tt steradians. It is 
interesting to note that for S0 2 in air at STP, our previous results yield 
5 — 10 -6 , determined primarily by quenching. At an altitude of 25 km, 
where collision frequencies are down by a factor of about 2 5 from STP 
(ref. 54), 5 should be on the order of 2. 5 x 10“ 5 for S0 2 . In the case of 0 3 , 
excitation into the absorption bands near 300 nm is dissociative. Thus . the 
re -emission from 0 3 may be similar to that of the resonance scattering 
from I 2 observed by Holzer et al . (ref. 4) in the visible. A rough estimate 
of in this case is given by the following product: 


( fraction of radiation in \ ^ / mean time to radiate \ 
observed spectral lines )/\. ymean time to dissociate J 


- ( 10 - 1 ) 


/ 10 8 sec A 
\ 10 _13 sec ) 


10~ 6 


Here the mean time to radiate is calculated from the integrated absorption 
coefficient for the Hartley band, estimated from Fig. 9, using a well known 
relationship (ref. 12) between these quantities. The mean time to dissociate 
is set equal to the time required for an oxygen atom with 2 ev of kinetic energy 
to travel 0. 5 nm. 


In order to calculate the number of detected photons per joule as 
given by Eq. (89), we assume the following system parameters: 


E \ = 

6 x 10" 19 J 

T = 

10$ 

? = 

10“ 6 

A = 

10 m 2 

e = 

10$ 

R = 

25 km 

T = 

20$ 




These assumptions yield 

r| = 1.0 detected photons/joule 
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which is well within the range of experimental feasibility. The experimental 
outlook is simplified by the fact that a narrow band, precisely-tuned source 
should not be needed because the relevant 0 3 absorption (Hartley band) is a 
broad continuum. However, when the sun is near the zenith, substantial daylight 
background will be encountered. See ref. 56 for an analysis of the effect of 
this background. We should note that the assumption of 10$ two way trans- 
mission of 300 nm radiation to 2 5 km altitude is probably optimistic for sea 
level operation, but should be achievable from elevated ground (say !>3 km). 
The requirements for high altitude and large collector area are similar to 
those for astronomical observatories. Thus the possibility of involving an 
observatory in LIDAR studies of the upper atmosphere is suggested. 

Airborne Measurements 

A LIDAR system carried by a high flying airplane can be used to deter- 
mine the concentrations of many high altitude species. In this case power 
and collector area limitations can be compensated at least partially by 
proximity. As one example we consider a probe of ozone at 2 5 km by a 
plane flying at an altitude of 15 km. We assume aim 2 collector, T = 50$ 
and other system parameters as in the previous example. Then 


n = 3. 3 detected photons/ joule. 

Likewise, an airborne system can be used to probe many other high 
altitude species. For example, we consider the system described above, 
but observing a 100 meter column at a range of 300 meters. Suppose that 
1 joule is transmitted and that the expected number of detected photons is 
required to satisfy the condition 

n * 100 

in order to obtain reasonable statistical accuracy. Then from Eq. 88 we 
obtain as a condition for a successful measurement 

pa = 6 x 10” 14 cm -1 sr' 1 (90) 

In Table III we show estimated effective differential cross sections for 
fluorescence from a number of molecules and atoms at 2 0 km altitude, 
and the corresponding minimum densities which can be measured fromEq. 90. 
In the case of NO, feasible measurements must await development of doubling 
techniques or primary laser sources at 227 nm, but a recent publication 
(ref. 57) suggests that this development is likely to occur in the near future. 
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TABLE III 


Estimated effective differential cross sections for molecular fluorescence 
(scattering in the case of 0 3 ) in the atmosphere at 20 km altitude, and con- 
sequent minimum measurable concentrations (mmc) for the assumed airborne 
LIDAR system calculated using Eq. 90. The cross section for SO 2 was taken 
from experimental results obtained in this work. That for NO 2 was calculated 
from data presented by Fouche, Herzenberg and Chang (ref. 11). The NO 
cross section is obtained from absorption data of Bethke (ref. 21), assuming 
a 1 0 -6 sec lifetime for radiative decay and quenching at every gas kinetic 
collision. The OH cross section was calculated similarly using absorption 
data presented by Penner (ref. 58). The scattering cross section for 0 3 
(excited by absorption in a dissociative continuum) is calculated by multi- 
plying the absorption cross section from Fig. 9 by the re -emission efficiency 
estimated in this Chapter. The mmc are expressed as absolute number 
densities and also as parts per billion (ppb) referenced to a total molecular 
density of 1.85 x 10 18 molecules/cm 3 at 20 km (ref. 59). Estimate re-emission 
efficiencies § are calculated such that (4tt/§) times the fluorescence cross 
section equals the corresponding absorption cross section. Also shown are 
corresponding results for the atoms listed in Table IV. The atomic fluorescence 
cross sections were calculated for the center of Doppler -broadened lines 
(220°K) using oscillator strengths collected in ref. 60. (The effects of 
collision broadening and hyperfine structure in the absorption line has been 
neglected in these calculations. ) 


Estimated 
Re-emission 
Molecule Efficiency g 


Effective 
Cross Section 


mmc 


mmc in 
ppb at 20 km 


so 2 

(300 nm) 

1 . 

6 x 10" 5 

2 x 10” 24 cm 2 /sr 

3 x 10 10 

molecules/ cm 3 

16 

no 2 

(400-500 nm) 

10" 7 

2 x 10 -27 

3 x 10 13 

16000 

O 3 (260 nm) 


10' 8 

1 x 10' 24 

6 x 10 10 

32 

NO(227 nm) 


3 x 10" 3 

3 x 10" 22 

2 x 10 s 

.11 

OH(308 nm) 

1 . 

6 x 10" 4 

2 x 10" 22 

3 x 10 8 

. 16 

Atoms in 
Table IV 

0. 001 to 0. 1 

10" 18 to 10" 14 
cm 2 /sr 

6 to 6 x 10 4 
atoms/ cm 3 (!) 
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In addition to the molecules listed in Table III, there are many other 
species which can exhibit moderate to strong re -emission at accessible 
visible and uv wavelengths. Among these^ are the aromatic hydrocarbons, 
aldehydes, and various radicals such as CN and C 2 . 

In addition to its use to estimate minimum measurable concentrations, 
Eq. (90) can be used to demonstrate that under many conditions the LIDAR 
technique used with fluorescence will be more sensitive than absorption 
techniques. First, we note that a relationship between the effective 
differential fluorescence cross section and the corresponding absorption 
cross section is given by 

o “ ( 5 / 4tt) a abs (91) 

where the re-emission efficiency % has been defined following Eq. (89). 

Thus the condition for a feasible observation (with the experimental param- 
eters assumed above) becomes 


pa x 6 

K abs £ 


10 -13 cm -1 = 


7.5 x 10 


-12 


cm 


-l 


But the condition for a feasible observation in an absorption measurement 
(for example, using the DIAL technique) is 


pa, H 
abs 


> 


10" 2 


where H is the thickness of the observed layer. Thus the assumed LIDAR 
system will be more sensitive than a system using absorption measure- 
ments if 

S < 1.33 x 10 s km (92) 

§ 

Note that if the DIAL technique is used to obtain range resolution in an 
absorption measurement, H corresponds to the range resolution The 
results indicated in Table III suggest that at 20 km altitude Condition (92) 
is likely to be satisfied for NO, OH and atoms, but not necessarily for N0 2 , 
S0 2 and 0 3 . 
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Measurement of Upper Atmosphere Constituents 
from a Satellite 

Satellite LID AR measurements are more difficult because of power 
and collector area limitations, as well as the large working distances re- 
quired. On the other hand, transmission is high and many effective 
fluorescence cross sections are much larger than in the lower atmosphere 
because of reduced quenching. (The collision frequency is lower by a 
factor of 4 x 10 6 at 100 km altitude than at sea level - ref. 59. ) The general 
net effect is that measurements are more difficult from a satellite. How- 
ever, we will show that there are LIDAR type measurements which appear 
quite feasible. 

In order to develop quantitative estimates, we assume as in the 
previous section that a 1 joule pulse is transmitted, that returned light is 
collected over a 1 m 2 area, and that the LIDAR system observes a 1 km 
column at a range R. Other experimental parameters are taken to be those 
assumed in the previous example. Then, as a condition for a successful 
measurement, we obtain from Eq. (80) 

pa ^6 X lO-^cm-W^y^j (93) 

When the number densities of various species at high altitudes are taken 
into account, Eq. (93) implies that a successful measurement requires a 
large cross section. However there are many atoms with fluorescence 
cross sections on the order of 10 -13 to 1CT 16 cm 2 / sr, for which very small 
concentrations can be measured. A representative group of these atoms 
is shown in Table IV. In Fig. 34 we show resulting estimated minimum 
measurable concentrations as a function of altitude, calculated from Eq. (93) 
assuming a satellite altitude of 2 50 km. The total density as a function of 
altitude is shown on the figure for comparison. 

Also shown are the estimated minimum measurable concentrations for 
several molecules. It is immediately apparent that the situation for 
molecules is much less favorable than for the atoms discussed previously. 
This result obtains because of the multiplicity of available states introduced 
by the additional degrees of freedom of a molecule. This multiplicity 
reduces the re -emission cross section in three ways: first, because only 
a fraction of the molecules will be in initial states leading to the observed 
transition; second, because the strength of the transition is divided among 
all accessible excited states; and third, because the re-emission is 
distributed among all allowed downward transitions. Thus fluorescence 
cross sections for molecules are smaller. Estimated values used in 
preparing Fig. 34 are shown in Table V. 
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Figure 34 Minimum measurable concentrations of atoms and OH radical 
under conditions assumed for satellite probe. The total molecule density 
as a function of altitude, from ref. 59, is also shown for comparison. 
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TABLE IV 


Atoms for which strong fluorescence under excitation on resonance lines 
between 250 and 900 run has been demonstrated or is predicted on the basis 
of available transitions with large oscillator strengths. Unquenched 
fluorescence cross sections for these atoms calculated for the center of a 
Doppler-broadened line (200°K) are on the order of 10 -13 to 10“ 16 cm 2 /sr 
(hyperfine structure effects neglected). Corresponding excited state life- 
times are on the order of 10~ 9 to 10" 6 seconds. Excitation wavelengths for 
these atoms, and corresponding oscillator strengths are collected in 
ref. 60. Atoms indicated by an asterisk (*) produce strong fluorescence at 
wavelengths shifted from that of the incident light, allowing discrimination 
against Rayleigh and Mie scattering. 

Approximate Excitation Approximate Excitation 

Atom Wavelength Atom Wavelength 


Li 

671 nm 

Mn 

403 nm 

Na 

589 

Re 

346 

K 

770 

*Fe 

300 

Rb 

795 

*Ru 

299 

Cs 

894 

*Os 

353 

*Cu 

327 

*Co 

341 

Ag 

328 

*Rh 

343 

Au 

268 

*Ir 

250 

Mg 

285 

' *Ni 

337 

Ca 

423 

*Pi 

276 

Sr 

461 

*Pt 

266 

Ba 

554 

*A1 

394 

Cd 

326 

*Ga 

403 

Hg 

254 

*In 

410 

*Rare Earths 

400-900 

*T1 

378 

*Sc 

391 

*Sn 

286 

*Y 

408 

*Pb 

283 

Cr 

427 

-Bi 

307 

M0 

390 

>:<C 

286 
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TABLE V 


Estimated effective differential cross sections for molecular fluorescence 
(scattering in the case of 0 3 ) in the atmosphere at 100 km altitude. These 
cross sections were calculated from measured absorption coefficients 
(refs. 19, 20, 21, 24, 59), using the equation Ofi = a a bs (§/4tt). Re-emission 
efficiencies § were estimated assuming no quenching since the collision 
frequency at 100 km is small (2 x 10 3 sec -1 ). For SO 2 and N0 2 , % takes into 
account the effects of the anomalously long fluorescence decay times (ref. 39) 
which ,are presumed to be related to non-radiative decay. The value of § for 
0 3 is diminished by dissociation; we use the value estimated earlier in 
this report. 


Estimated Re-emission 


Molecule 

Efficiency % 

Cross Section 

C3 

O 

xn 

1 x 10“ 3 

1 x 10‘ 22 cm' 

no 2 

5 x 10" 3 

1 x 10" 22 

O3 

10 -6 

1 x 10" 24 

NO 

10' 1 

1 x lO" 20 

OH 

10- 1 

1.3 x 10' 19 


Equation (93) can be used to estimate in what cases a LIDAR measure- 
ment will be more sensitive than an absorption measurement, as was done 
previously for the airborne system. In the present case, we find that the 
assumed LIDAR system should be more sensitive when 


H 

§ 




1. 33 x 10 3 km 


100 km 2 
R 


(94) 


where R is the observation range. This condition will be satisfied, for 
example, if H = 20 km and R = 150 km for l ^ .034. All atomic species and 
a few of the molecules considered will satisfy this condition at altitudes 
>100 km. 
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V. CONCLUSIONS 


Major tasks supported by this contract are: 

1. A classical theoretical study of the amplitude and time dependence 
of re -emission from an isolated molecule following pulse light excitation, as 
a function of separation from resonance. (Chap. n). This study includes 
formulation of the problem, analysis of limiting cases and numerical solu- 
tions for intermediate cases in the transition from scattering to fluorescence. 

2. A quantum-mechanical study of the problem described above. (Chap. 
II and Appendix C). The resulting expressions for the time dependence of 
the re-emission were shown to agree with the classical results in significant 
limiting cases. This agreement was taken as an indication that the classical 
results are essentially correct. 

3. Theoretical analysis of the depolarization of scattering following 
excitation into a dissociative continuum, in which a quantum interference 
effect that tends to reduce depolarization was discovered (Chap. II and 
Appendix D). 

4. Qualitative estimates suggesting the possibility of very strong 
scattering from 0 3 excited in its Hartley band, which is a dissociative 
continuum (Chap. IV). 

5. Measurement of the absolute N0 2 cross section for line fluorescence 
excited in air near STP by visible light (488 nm) (Chap. III). 

6. Measurement of the 0 3 vibrational Raman cross section for visible 
light (488. 0 and 514. 5 nm) excitation (Chap. III). 

7. Assembly of a doubled dye laser spectroscopy system from com- 
ponents on hand (Chap. III). 

8. Measurement of absolute N 2 and 0 2 vibrational Raman cross sections 
for excitation at 300 nm, using the doubled dye laser system (Chap. III). 

9. Detailed quantitative study of S0 2 Vj-line fluorescence and quenching 
of this fluorescence by air (Chap. III). 

From the consequent results and others described in this report, we 
have drawn the following conclusions: 

Near Resonance Scattering 

Analysis of the time dependence of re-emission from an isolated molecule 
excited by a light pulse shows a clear transition from delayed re -emission 
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(fluorescence) to "instantaneous" re-emission (scattering) as the separation 
from resonance is increased beyond substantial overlap between spectral 
distributions of the absorption line and incident light. This result was used 
to conclude tentatively that in a real gas the re -emission would be both in- 
stantaneous and insensitive to such effects of molecular interactions as 
quenching, collisional depolarization, and collisional relaxation when the 
separation from resonance is several times larger than: 

A. The collision linewidth, and 

B. The range of significant inhomogeneous broadening (statistical 
average of line shifts produced by Doppler effect and molecular 
interactions). 

However, we cannot regard this conclusion as firmly established at the 
present time. Early results from an alternative quantum electrodynamic 
analysis suggest that the re-emission intensity in primary lines (i. e. , lines 
from the originally excited intermediate state) will be independent of pressure 
under the conditions specified above, but that collisional depolarization and 
relative intensity of collision lines (satellite lines produced by energy ex- 
changed during collisions) may remain equal to their values in fluorescence 
out to much greater separation from resonance. Our inability to draw firm 
general conclusions about the character of re -emission as a function of 
separation from resonance in a real gas is related to the location of the 
phenomena of interest in the far wings of an absorption line, where presently 
developed theories falter. Tuned laser fluorescence studies are expected to 
produce both incentive and information for further developments in this area. 
As a case in point, in work supported by GE we investigated collision-to- 
primary line intensity ratios as a function of separation from resonance in 
low pressure (200mTorr) I 2 vapor. The incident light was from argon and 
krypton lasers that were single -moded and tuned over various gain curves 
using a tilted etalon. Over substantial tuning ranges (several times the 
Doppler full width at half maximum in one case) this ratio could be observed 
precisely and was found to remain essentially constant. This result supports 
the suggestions of the alternative quantum electrodynamic theory. However, 
it can also be explained on the basis of the original conclusion as arising 
from effects of inhomogeneous broadening produced by line shifts. 

Scattering Following Excitation in Dissociative Continuum 

In addition to near -resonance enhancement, we considered also the type 
of scattering that results from excitation in a dissociative continuum. Holzer 
et al. showed that this type of scattering from I 2 excited by blue light (488 nm) 
is substantially stronger than nitrogen Raman scattering. Our rough calcu- 
lation in Chap. IV for the intensity of Raman scattering from 0 3 , excited in 
is dissociative Hartley band between 220 nm and 310 nm, indicates that in 
this case the scattering should be very strong, with a cross section on the 
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order of 10 -24 cm 2 /sr, or about five orders of magnitude stronger than the 
nitrogen Raman scattering. 


Fluorescence 

At the outset of this work it was presumed that the advantages of scat- 
tering over fluorescence as a gas probe would be important in atmospheric 
measurements. Accordingly, the enhancement of scattering in the approach 
to resonance and the ultimate shift from scattering-like to fluorescence-like 
re-emission in this approach received strong initial attention. However, 
during this work it became increasingly apparent that the greater strength 
of fluorescence is crucial to many measurements of low concentrations in 
the atmosphere from substantial distances, and furthermore, the potentially 
detrimental characteristics of fluorescence as a gas probe (e. g. , quenching, 
time delay at low pressure) are often not serious impediments to these mea- 
surements. Specifically, fluorescence measurements with a LIDAR system 
should be useful under the following conditions: 

1. The species whose measurement is sought exists at low concentration 
in a carrier gas that dominates line broadening and quenching. 

2. The pressure of the carrier gas is known with sufficient accuracy to 
make line broadening and quenching corrections, and it is high enough to 
shorten the re -emission delay of observed fluorescence to the point where 
time-of-flight ranging can be used. 

3. The quenched fluorescence of the target species is much stronger 
than ordinary RS and has a characteristic spectral distribution that allows 
its identification. 

With respect to the time dependence, we and others have observed that 
fluorescence decay times are sharply reduced by quenching to times on the 
order of a few nanoseconds in air near STP. Even at the low pressures and 
collision frequencies encountered at high altitudes, the consequent near 
" natural" decay times of fluorescence for many molecules are not so long 
as to preclude useful range resolution. For example, an exponential decay 
time of 1 microsecond allows a resolution element of about 150 meters. 

With respect to the strength of fluorescence it has been found that even under 
rapid quenching in air near STP, characteristic fluorescence can be many 
orders of magnitude stronger than ordinary Raman scattering. For quanti- 
tative measurements in a system such as the lower atmosphere, dominant 
quenching rates must be determined accurately. In many cases, where the 
absorption and/or fluorescence cross sections have spectral structure on a 
fine scale, the spectral distribution of the exciting light must be controlled 
precisely. Furthermore, the sensitivity of these cross sections to tempera- 
ture and minor species such as H a O and C0 2 must be investigated. Never- 
theless, quantitative experimental results such as those we have obtained 
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for S0 2 (see below) suggest that fluorescence measurements of minor species 
in the lower atmosphere may be quite worthwhile. 

Experimental Results 

In the experimental part of our work, re -emission from N0 2 , I 2 and 0 3 
was observed in the visible, using an argon laser source, and re-emission 
from N 2 , 0 2 and S0 2 was observed in the ultraviolet near 300 nm. We found 
that the characteristic v x line fluorescence from N0 2 in air near STP is 
slightly more than 100 times enhanced over the vibrational Raman scattering 
from N 2 , in reasonable agreement with results calculated from data published 
by Fouche, Herzenberg, and Chang (ref. 11). This enhancement is probably 
not sufficient to allow practical measurements of ambient levels of NO z in the 
atmosphere, but there is a possibility that much stronger enhancement will 
be found under excitation at particular wavelengths in the blue, where 
Sackett and Yardley (refs. 35, 36, 37) have observed fluorescence components 
with anomalously fast decay. 

Perhaps our most useful observation with respect to atmospheric probes 
is the very strong fluorescence from S0 2 in air near STP excited by light near 
300 nm. The intensity of this fluorescence was measured to be 10* times 
stronger per molecule than vibrational Raman scattering from N 2 , which it- 
self was found to be several times larger than a (lAscatter) 4 extrapolation 
from measurements in the visible. 

Model Calculations 

Effective cross sections for fluorescence from OH, NO and a large 
group of atoms were estimated from available data in Chapter IV. These 
cross sections correspond to excitation in the range from 250-900 nm, 
except for NO which must be excited near 227 nm. The” estimated molecule 
cross sections, though smaller than those for atoms by, typically, 6-8 orders 
of magnitude, are still sufficiently large to allow useful measurements. 

Measured cross sections for Vj-line fluorescence from S0 2 , excited near 
300 nm, and estimated resonance Raman scattering cross sections for 0 3 
excited between 250 and 300 nm were used as a basis for model calculations. 
These calculations indicate that the cross sections are sufficiently large to 
allow range -resolved LIDAR measurements of source levels of S0 2 and even 
ambient levels (on the order of 10 ppb) of S0 2 and 0 3 in the lower atmosphere. 
Further, it appears likely that the 0 3 cross section is sufficiently large to 
allow range -resolved LIDAR measurements of the stratospheric 0 3 layer 
between 10 and 30 km altitude from a high altitude ground-based station or 
an airborne station. 
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The large fluorescence cross sections predicted for numerous atomic 
species at accessible excitation wavelengths allow concentrations of a few 
atoms/centimeter 3 to be measured at close range (300 meters) by an airborne 
LIDAR probe. Some molecule concentrations (e. g. , S0 2 and 0 3 ) may be mea- 
surable also. The large atom cross sections establish a good possibility that 
many atom concentrations in the upper atmosphere can be measured from a 
satellite LIDAR probe. However, the possibility for satellite LIDAR mea- 
surements of existing levels of molecules and radicals such as OH appears 
to be marginal at best. 

♦ 
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APPENDIX A 


Distinction Between Fluorescence and Resonance Raman Scattering 


Various criteria have been used to distinguish between Raman scattering 
and fluorescence excited near or on resonance. The original distinction is 
that the frequency shift in Raman scattering is independent of incident wave- 
length (frequency), whereas in fluorescence the frequency itself, rather than 
the shift, is constant. Thus as incident light frequency is shifted, the Raman 
scattering frequency will shift comensurately, while 'fluorescence appears 
only at wavelengths characteristic of molecular transitions. However, this 
distinction is difficult to apply in the case of excitation into a true or apparent 
continuum (e.g. , NO z or SO 2 absorption) where fluorescence would also be 
expected to shift with incident wavelength. It is also difficult to apply, 
although presumably operative, in cases which involve excitation very near 
resonance, because of problems associated with high resolution spectroscopy 
at low light levels. 

Hibben(ref. 61) expresses a common distinction that scattering is in- 
stantaneous whereas fluorescence shows an exponential decay. However, 
strongly quenched fluorescence in high pressure gases, and fluorescence 
from many solids (e. g. dyes) is also very fast (10~ 10 to 10~ 12 sec. ) such that 
its decay time is difficult to sense. It is possible to avoid this ambiguity by 
defining scattering as an intrinsically 'lnstantaneous process; i.e. , a process 
which is effectively instantaneous in an isolated molecule. Yet this defini- 
tion is obviously inapplicable to fluorescence from solids and liquids, and 
not even be generally meaningful for gases because of the expected sensitivity 
of re-emission on the borderline to the line broadening produced by molecular 
interactions. 

The relevant work of Behringer and associates, extending from the 
present back to at least 1956, pertains mostly to "pre-resonance" and 
resonance excitation in solids and liquids. In a fairly recent review (ref. 25), 
Behringer appears to identify resonance scattering as that component of the 
re-emission excited near resonance with spectral characteristics similar to 
"ordinary" scattering excited well off resonance. On the other hand, features 
such as an underlying continuum which appears in the approach to resonance 
are identified as fluorescence. Behringer notes that the relationship between 
these phenomena is incompletely understood. 

In 1970, Holzer, Murphy and Bernstein (ref. 4) published an important 
paper in which they identified a new type of resonance scattering, which 
results from excitation in a dissociative continuum. In this paper they 
specified a consistent set of distinctions between Raman scattering and fluo- 
rescence. In particular they noted that resonance Raman scattering is 


107 



usually strongly polarized and always insenstive to quenching, in distinction 
to fluorescence. Subsequently, Berjot, Jacon and Bernard (ref. 9) identified 
as fluorescence those processes which proceed predominantly through a 
single intermediate level, whereas scattering results when transitions 
through at least several intermediate levels are significant. This identifi- 
cation has the advantage of associating distinctive selection rules with the 
fluorescence, with the result that fluorescence and scattering can usually be 
distinguished by the spectral character of the re-emission. 

Our own distinction is strictly utilitarian. We define scattering to be 
re -emission which is effectively instantaneous and insensitive to effects of 
molecular interactions such as quenching, collisional depolarization and the 
gross spectral broadening produced by collisional transfer. However, neither 
we nor others to our knowledge have yet demonstrated unequivocably whether 
or not re-emission excited off resonance, but predominantly through a single 
level, satisfies these criteria. 



APPENDIX B 


Quantum Mechanical Interferences 


The quantum mechanical expression for the scattering cross section 
is given by 


(a 


12 




(w^ + a» 12 ) 


n 


<x) 


[ 


(D 2 ). (DO 
fr rn 


(Di), (D 2 ) 
fr rn 


r rn 


** | 

+ 2 ^rf + aJl ~ iy J 2 


which is identical to Eq. (38) except that the average over the fractional 
population of initial states F n and sum over final states is indicated explicitly 
and the 6 -function ensures energy conservation. Within the absolute square, 
the sum over intermediate states {r} may include terms of opposite sign 
(or in the general case, complex terms with different phases) such that 
they tend to cancel. Since the relative magnitude of these terms depends on 
the incident frequency, interference effects can produce oscillations in the 
cross section as incident frequency varies. (Notice that contributions 
starting from different initial states and/ or ending on different final states 
do not interfere, because the absolute square is performed for each term in 
the sum over initial and final states. ) The most obvious situation where 
interference occurs is when incident frequency increases through a resonance, 
changing the sign of one of the terms. Interference effects of this type have 
been predicted in ref. 18. They are responsible for the dimunition of 
depolarization in scattering excited within a dissociative continuum 
which we have predicted and observed, and they also produce the 
observable effect in level crossing spectroscopy, where levels are 
shifted by an applied field. 


From another standpoint, the possibility of this type of interference 
makes accurate estimates of scattering enhancement from oscillator strengths 
uncertain in cases where more than one intermediate level is likely to 
contribute significantly. A case in point is our estimate of the NO cross 
section at 2 50 nm, where we simply summed contributions from various 
vibrational bands algebraically, ignoring possible interference. 
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This procedure appears to be a good approximation when the separation 
from resonance is large compared with the separation between intermediate 
levels which contribute significantly to the scattering. To demonstrate this 
point, we consider the case where the relevant levels are associated with 
different rotational angular momentum, but the same vibrational and 
electronic states. Employing the Born-Oppenheimer approximation, we 
separate the rotational eigenfunctions R and the electronic -vibrational 
eiginfunctions t to obtain for one of the terms in the absolute square 

(E> 2 ) t'R', t"R" (D 2 > t"R", tR 


V"R" 

Here unprimed, single -primed and double -primed letters designate initial, 
final and intermediate states, respectively. Now if the separation from 
resonance is sufficiently large, may be neglected and the sum over R" 

performed through closure (ref. 28). Then, if the absolute square is com- 
pleted and the sum over all final states (including scattered radiation states) 
is performed, one obtains simply the absorption cross section. Working 
backward, the relative magnitudes for various components in the sum yield 
the branching ratios for various types of scattering. This argument may be 
extended to contributions through different vibrational and electronic states 
when the separation from resonance is sufficient. Unfortunately, in many 
cases, such as our estimate of the NO scattering excited at 250 nm, it is 
not. In such cases, our estimation procedure yields an "expectation value" 
but with a large uncertainty. A better estimate appears to require a much 
more detailed calculation. 


Vt + V' iT“’ 1 + i V 
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APPENDIX C* 

Quantum Calculation of Time Dependence of Re -emission 


We desire a simple quantum mechanical model and formulation, which 
describe the time dependence of the scattering of a coherent pulse of light 
that is emitted from a laser pump source at a well-defined time and scatters 
from a quantum scatterer located at the origin. Our treatment is essentially 
that of a fixed single scatterer at the origin which would seem to preclude ab 
initio many -particle effects which give rise to inhomogeneous broadening 
of spectral lines both from molecular collisions and thermal motion of the 
scatterers, and collisional-nonradiative de -excitation (quenching) of excited 
states. The inhomogeneous broadening can be taken into account by suitably 
averaging over initial states of the scatterer, while the quenching can be 
taken into account, at least heuristically, by a suitable collisional renormal- 
ization of the intermediate state propagators. 

For the internal states of the scatterer, we will consider the simplified 
model of a three -level quantum system with energy levels 0, 1, 2. We will 
assume that there are allowed dipole transitions between CO, 1^2. The 
states 0 and 2 can be chosen as the ground state and low-lying excited state, 
which could be contained within the ground state manifold, e. g. , a vibrational 
state. The pulse of light which is introduced into our system will have a 
central frequency u>l and a frequency breadth A; the time breadth of the co- 
herent pulse — 1 / A. We can view this problem in the following qualitative 
way. If the packet is far removed from the origin, there is no interaction 
between it and the scatterer; the interaction commences when the leading 
edge of the wave packet overlaps the scatterer. We can crudely break the 
scattered light emission up into two time regions: first, the emission rate 

when the wave packet spatially overlaps the scatterer; and, second, a 
fluorescence which occurs at a time after the packet has passed the origin. 
Usually one calculates fluorescent emission by initiating the system in an 
unstable state at time t = 0 and then allowing the system to radiatively decay. 
Here our initial condition is a wave packet of light and a scatterer in the 
ground state. For near-resonance cases, the wave packet will have Fourier 
components which mix the ground state with an excited state, and hence there 
will be a certain probability that the scatterer will be left in the excited state 
after the pulse has passed. This condition will then serve as the initiation 
of the unstable state from which the system can subsequently fluoresce. The 
relative and absolute strengths of the "scattering" and "fluorescence" so 
defined will depend upon the parameters of the wave packet and in particular 
on the nearness to resonance of the central pulse frequency 


*This appendix is taken from GE Report 73CRD196, authored by Seth.D. 
Silverstein. The work was supported by Contract NASI -11 624 from NASA 
Langley Research Center. 
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Before we go into the specific quantum mechanical representation of the 
pulse and the details of the calculation, we will first outline the general 
formulation of the scattering problem with propagating wave packets (ref. 62) 

Let us consider first the state at time t = -t 0 where the center of the 
wave packet is sufficiently removed from the origin that there is no overlap 
and hence no interaction. If we denote K as the sum of the free scatter and 
electromagnetic Hamiltonians, the wave function at time t = -to is given by 

e iKt ° If. > I $ > . (Cl) 

1 ic 1 o' 


Here j Yi C > represents the wave function for the light pulse, and | $ 0 ) the 
ground state of the scatterer. We note that in standard time -dependent per- 
turbation theory the initial states are usually taken as eigenstates of K and 
hence are stationary states in the absence of interaction. This is not ap- 
propriate for the case considered here because we desire that the pulse prop- 
agates in space and hence is nonstationary. Let us now turn on the inter- 
action, so that the wave function at time +t is given by 


e ^ t + t °V Kt ° j Y. ) j$ 0 > 
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where 


K = K + V 


We desire to obtain the probability amplitude for the system being in a non- 
interacting final state at a time t, 

| Y f (t) > = e' lK V’> |**> . (C3) 


This is given by 
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If we define 
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U possesses the standard perturbation expansion, 
U(t + t 0 ) = l-i/i 
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We are interested in a scattered photon; hence the terms of interest will be 
derived primarily from the second-order terms in the expansion of U. If the 
time of transit from the laser source to the scatter at the origin is long 
compared to the time width of the pulse, we can always set the initial time 
- 1 0 -* - °°, with the condition that the wave packet is centered at the origin 
at t = 0. 

We now want to consider the quantum mechanical representation of the 
initial pulse state I’i'ic). We choose \^i c ) in a form such that the expectation 
value of the electric field operator describes a pulse propagating in the +z 
direction; 
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Here ^ is a unit polarization vector in the x direction. The electric field 
operator is given in terms of photon creation and annihilation operators by 


E(r, t) = 
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We can achieve a semi-classical representation of the form(C7)by requiring 
that | Yi c > be eigenstates of the destruction operators. 


a. , I Y. > for k, X e(k >0, k. = 0, X = X ) 
k, X ic ~ z J- x 
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The "coherent state" representation of the packet wave function (ref. 63) 
satisfies this condition: 
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Here 1 0 ) is the photon vacuum state and the wave function |Yi c ) is normalized. 
We can readily verify that (C9) satisfies (CIO) by expanding the exponential, 
operator in a power series and then operating on the result with a^,^, e. g. , 
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= V 6 k,k 7 \,Xx exp [ a k Xx\] |0 > • 

We previously commented that the quantum state representing the propagating 
wave packet is nonstationary and hence not an eigenstate of the free electro- 
magnetic field Hamiltonian. This is apparent from the form of (C7) 
exponential form of the operators exhibits an undetermined photon number. 

As is well known, photon number and phase are canonical operators, and it 
is this uncertainty in photon number which gives the desired aspect of the 
coherent propagation of the pulse. We note that our model of a single scatterer 
in vacuum rules out dispersive distortion of the pulse and such effects will 
be neglected. 

We now want to specify the normalization for the wave packet function. 

We use a similar procedure as given in the preceding classical calculation, 
appropriately modified for the quantum case. 



dt | <Y. c |E(r =0, t)xj(r=0,t) | Y >'| Y=NAuo L + const. . 
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That is, we want to describe the pulse in terms of an effective photon number 
N. The constant term is the vacuum contribution and does not depend upon 
the pulse. Upon insertion of the appropriate forms for the electric and 
magnetic field operators, we obtain 

duu uu|a(u)) + a(-u))| 2 = Nftuu . (C13) 
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Taking a Lorentzian form of a(uu), 
a(uu) = A 
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our normalization condition [Eqs. (41), (42)] gives 


A* = 2N ^ 3 -- (1 +0(4/0^)) 


(C15) 
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We note that we have added a factor of (tu^/a;) 1 / 2 to a standard Lorentzian in 
Eq. (Cll). This is done for convenience only and can be replaced by unity to 
terms of order A/u)l. We note that our analysis will neglect terms of order 
A/u J j_, relative to unity as they will be very small for optical frequencies of 
interest. 


For a Gaussian wave packet we take 


a(uu) = A 
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to terms of order exp[-u)L/A 2 ] relative to unity, we have 
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In our calculation of the time dependence of the scattering in the approach to 
resonance, we will work with the Lorentzian function only as it is mathemat- 
ically simpler. For the Gaussian one would proceed in the same way; except 
that the mathematics dealing with integrals involving the convolution of error 
functions with harmonic functions and Lorentzians proves tedious. We can, 
however, infer the quantum results for the Gaussian by the connection between 
the classical and quantum results derived for the Lorentzian pulse. 

We now give the representation of the final state. We choose as our 
final state of the electromagnetic field one which represents an additional 
photon which is not contained in the phase space spanned by |Ti c >. We 
designate the wave vector of this photon by k^; hence | ¥f ) can be taken as 

'\,X f ;m > = a k.,X |Y >|§ ) ; Kt (k >0, k =0) ( S 18) 

~x 1 ~t 1 ic m ~i I x 

Here | $ m > represents the final internal state of the scatterer which would 
correspond to m = 0 for Rayleigh processes, and m = 2 for Raman processes. 

B. Calculations of the Scattering Intensity 

In our calculation we are interested in the one photon emissions; accord- 
ingly we restrict our consideration to second-order terms in the interaction 
which are treated in the dipole approximation. As such, we use the E • d form 
of the electromagnetic interaction. 

V(t) = -E(t) • d(t) (C19) 

/-W 


115 



The second-order terms to be considered, Eq. (C 6) are of the form 



<f |V(t s )V(t 1 )|i) 


(C20) 


Inserting the forms for the initial and final states as previously discussed, 
we have 
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We note that we have heuristically incorporated a lifetime Fi 1 for the inter- 
mediate state. Here r x is interpreted as the sum of quenching and spontaneous 
decay rates. From (C21) we obtain the sum of two terms 
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(C23) 
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We are interested in near resonance phenomenon, ujl, “* w 10 . Hence the 
dominant contributions from the above terms will be the ones which exhibit a 
near stationary phase over the full time domains. This corresponds to the 
last term in Eq. (C23). 

Performing the double -time integral in Eq. (C20), we have 
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We will proceed with the calculation for the Lorentzian packet case. 


One first converts the k z sum to an integral over positive frequency. 
Then, to order A/ujj_, relative to unity, the uu integral can be extended to - ® 
with the resulting form. 
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where 

K - 5*^ 


For t < 0, one closes the contour in the upper-half plane picking up the 
residue at the pole id = uu^ + iA/2, 




K v/a)kf exp i [u»kf - a) om - io l ~ iA/2] t 
[uul-uUio +i/2(r x + A)] [U) L -u) kf + tu 0m + iA/2] 


(C26) 


117 



For t > 0, we close the contour picking up the residues at the three poles in 
the lower half of the complex id plane, 
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We desire to compute the average rate of photon production at a time t which 
is contained within the frequency interval uu c ± 6/2, within a solid angle 
element dfl. The frequency interval corresponds to a spectrometer channel. 
If we represent the probability by dF X f(t)/dD, the production rate is given 

by 
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The averaging bracket ( ) ave> in the above equations represents the average 
over the initial states of the scatterer. By performing such an average as a 
series of convolution integrals over distributions, we can incorporate in- 
homogeneous broadening effects such as collisional and Doppler broadening. 
For simplicity in the following we will neglect, for now, the inhomogeneous 
broadening. 

For t < 0, we obtain 
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We note that the absolute magnitudes of the emission and any angular depen- 
dences of the emission depend upon the evaluation of the matrix elements 
contained within K. We will leave this in its general form. We see that the 
contribution for t < 0 identically follows the time dependence of the envelope 
of the pulse with a coefficient whose magnitude depends upon the proximity to 
resonance and the position and width of the spectrometer channel. To terms 
of order 6/u) c « 1 relative to unity, we obtain an emission rate, 

d 3 F Xfi <(t) 
dtdfi 


For maximum response, we center the detection channel at uo c = u) L - u) mo 
which is the center position of the emitted Raman or Rayleigh lines. For 
6» A, F, which is the regime of interest, the line is contained within the 
spectrometer channel and the results obtained for the maximum emission rate 
within the channel are: 
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Therefore, for the emission rate for t < 0, we are able to derive the resonant 
enhancement throughout the regime of resonance. For t > 0, the evaluation of 
Eq. (C28) with the expressions given in Eq. (C27), becomes complicated for the 
general case. Accordingly, we will investigate two regimes: (a) near 
resonance ~ («io > 6 » A, T; (b) resonance fluorescence uu L = uu 10 . In both 
cases we will center the detection channel at the center of the Raman or 
Rayleigh lines, uu c = u) L -ai m0 . 

For the case (a) we obtain 
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For times t » 6 -1 ~10 -12 sec, our results become 
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Any fluorescent contribution, i. e. , with an exponential decay rate of 
exp(-Fit) obtained from the evaluation of the integrals is at least of order 
A 2 /6 2 , Pf/6 2 relative to unity. 

For case (b), ojl = u) 10 » resonance fluorescence, the result obtained is: 
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We see that as we traverse from the near -resonance condition uol-uo 10 >6 to 
the exact resonance limit uu^ = cju 10 » the fluorescence part identifiable by a 
decay of the form exp(-r 1 t) has increased substantially in its contribution 
to the emission rate; that is, at near -resonance we start out with an emission 
that follows the packet envelope. As we then move closer into resonance 
both the part which follows the packet envelope and a part which exhibits an 
exponential decay rate become appreciably larger, with the exponential part 
growing at a faster rate until we achieve the resonance fluorescence condition 
given in Eq. (C35). 

An important point to stress here is that the results obtained in Eqs. (C31) 
through (C35) for the Lorentzian packet are identical as far as time dependence 
and resonant enhancement to that obtained in the classical calculation given 
in Chapter II. As we remarked before, the quantum calculation for a Gaussian 
wave packet contains some difficult integrals; however, now that the connection 
between the classical and quantum mechanical cases has been determined for 
a Lorentzian distribution, we can reasonably infer that the same connection 
will prevail for the Gaussian case also. 


(C35) 
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Theoretical discussions of the depolarization ratios in two types of resonance processes are given. These processes 
are discrete state resonance fluorescence, and Raman scattering when the resonance is between a bound state and 
evanescent-dissociative states. Theory predicts a dramatic difference for these two cases due to a quantum mechanical 
phase cancellation in the case of virtual dissociative states. The predictions have been verified experimentally. 


In this note, we present the results of theoretical 
treatments we have made on the depolarization ratios 
for two types of resonant light scattering processes: 
resonance fluorescence associated with interelectronic 
absorption with a specific vibrational-rotational tran- 
sition, and “resonant” Raman scattering when the res- 
onance is between a bound state and an evanescent 
dissociative state. 

Quantum mechanics dictates a dramatic difference 
for the depolarization in these two processes. The con- 
cepts given here are general**; for the sake of experi- 
mental verification, we specifically apply the theory 
to the I 2 molecule. The theoretical predictions are a 
priori in the sense of no adjustable parameters. From 
the experimental results reported in the literature 
[2—4] , and from further high resolution studies we 
have performed [5] , we see that theory and experi- 
ment are in close agreement. 

Experiments relevant to the theory have been made 
by Holzer et al. [2] and Kiefer and Bernstein [3] . For 
incident laser wavelengths above the dissociation limit 
in I 2 , they observed depolarization ratios for the 
fundamental in an overtone sequence of =» 0.1 6 for 

* This research has been supported by Contract NAS1- 
11624 from NASA Langley Research Center. 

** The results given here correspond to transitions in symme- 
tric top molecules for the angular momentum K = 0 in 
both states. In ref. [ 1 ] we have further generalized the re- 
sults to molecules having Q branch absorptions. 

140 


the Q branch peak at high resolution and « 0.35 for 
an area measurement incorporating the O and S 
branches. Berjot et al. [4] , in their experiments using 
a 5017 laser excitation on I 2 vapor, observed dis- 
crete state depolarization ratios of 0.75 at zero for- 
eign gas pressure, and a reduced depolarization of 
=» 0.35 at high foreign gas pressure. 

The details of the theoretical calculations as orig- 
inally conceived and performed by one of us (SDS) 
will be published elsewhere [1] . Suffice it here to dis- 
cuss the significant differences between the two res- 
onance cases, and then to give the numerical results 
from the application to I 2 . 

First, the electronic transitions of interest in I 2 are 
2 n 0 ; hence the rotational angular momentum 

must change by AJ = ± 1 in absorption or emission. 
This implies that the emission in resonance fluores- 
cence will be a doublet corresponding to a Q branch 
(AJ = 0) and either an S (A J= +2) or an O (AJ = —2) 
branch. The depolarization ratios for discrete state res- 
onance fluorescence are known from Placzek’s [6] 
original calculations. The 0 and S branches give 0.75, 
while the Q branch value depends upon the / quan- 
tum number. There are two different Q branch terms 
which we denote by Q + corresponding to the transi- 
tion sequences /->•/+ 1 -*■ /, and Q_ corresponding 

* There is a misprint in the caption to Table 1 of ref. [4) . The 
correct wavelength is 501 7 A, not 5107 A as printed. 
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Fig. 1. A plot of the two Q branch depolarization ratios as a function of rotational angular momentum quantum number J. The 
Q ± correspond to cases where intermediate state resonances are with states J ± 1. 


to J -*■ J - 1 ■* /. The depolarization ratios of Q ± de- 
pend upon the rotational quantum number, and both 
asymptotically approach 0.75 in the limit of high J. 

We note that for the discrete case we are in resonance 
with only one of the two terms. The depolarization 
ratios pq ± go to opposite limits at low/. For example, 
for /= 0, the perpendicular scattering is zero; hence 
Pq ± (J = 0) = 0. On the other hand, for / = 1 , Pq _ 

(/= 1) = 1. In fig. 1, we plot the depolarization ratios 
for the Q branches as a function of J. We note that 
the results given here are in accord with the low pres- 
sure experiments [4] at 5017 A, as the dominant line 
under the gain curve of the Ar ion laser is the R(26) 
62—0 transition which has a high enough J to give a 
depolarization ratio of **0.75. 

The situation is entirely different for the case when 
the incident laser frequency corresponds to transi- 
tions to evanescent, dissociative molecular states. The 
“outgoing” scattering solutions can be expanded in 


terms of a complete set of partial waves, and the 
energy is independent of the “rotational” quantum 
number / in this expansion. For a given / value, both 
Q ± contribute and their contributions are summed 
prior to squaring. The very interesting consequence 
of the quantum mechanics which results in the new 
effect described here is that these two terms enter 
with opposite sign in the depolarized (perpendicular) 
component of the emission, hence effecting a cancel- 
lation and a substantial reduction in the depolariza- 
tion ratio. As there is a continuum of evanescent 
states, one must sum the contributions from all the J 
values as each has a “continuum resonance”. 

In an actual experimental situation, the results in 
this case are sensitive to the spectrometer exit slit 
function. For example, for the case applicable to very 
narrow slits where we get negligible amplitudes of the 
O and S branch Raman emissions, even for low /’ s, 
we calculate a Stokes fundamental depolarization 
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Fig. 2. A plot of the predicted, theoretical depolarization 
ratios for at 400° K as a function of slit width with a tri- 
angular slit function for resonant scattering from dissociative 
states. 

ratio for the Q branch at 400°K of = 0. 1 3 for a 1 cm - 1 
spectrometer slit*. For I 2 . being so heavy, the results 
are insensitive to temperature. 

In Fig. 2, we give the theoretical predictions for 
the Stokes fundamental depolarization for the case of 
“resonance” with the evanescent-dissociative molec- 
ular states in I 2 as a function of slit width for a tri- 
angular slit function with the slit centered at the J - 
60 Q branch frequency. The asymptotic value for 
small slit widths is the Q branch only contribution, 
quoted previously, while as the slit is widened the in- 
crease corresponds to the added contributions of the 
0 and S branches. The wide slit asymptote, which is 
equivalent to an area measurement, predicts a depolar- 
ization of = 0.33. The results of our a priori theory 
are in very good agreement with experiment [2—5] . 
The calculations include only the contribution of 
scattering from molecules in the u = 0 initial state. 

“Hot bands”, or scattering from vibrationally excited 

* We have experimentally measured a Q branch depolariza- 
tion ratio of 0.12 ± 0.02 with a 1.6 cm -1 slit. 


molecules, have the same spectral shape and depolari- 
zation but are shifted slightly toward shorter wave- 
lengths [3]. The hot band contribution will not affect 
the asymptotes of fig. 2 but may slightly alter the in- 
termediate region. The relative contributions of the 
different bands can be determined by numerical cal- 
culations of the vibrational overlap integrals [7] . 

The most significant difference between the two 
types of resonance processes described here is the 
quantum-mechanical cancellation which occurs in the 
depolarized component in the scattering from evanes- 
cent intermediate states. If, however, one had a series 
of pressure broadened discrete states which effectively 
meld into a continuum, the contributions would add 
incoherently ; hence there would be no phase cancel- 
lation and no anticipated substantia] reduction in the 
depolarization ratio. This latter conclusion is quite 
relevant to the pressure experiments of Berjot et al. 

[4] and indicates that their high pressure emission is 
largely due to remnant scattering from excited vibra- ' 
tional levels via resonance with dissociative states, 
which is present at all pressures, while the discrete res- 
onance fluorescent contribution from the ground 
vibrational level, which is dominant at low pressures, 
has been quenched out. 
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